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ABSTRACT
A new procedure to compile and enhance hourly data has been proposed. A total of 
92 rain gauges were used to generate 25 synthesized stations with long periods of 
record. Annual maximum series for various rainfall durations from the 25 synthesized 
stations were used for statistical analysis.
Temporal and spatial characteristics of annual maximum precipitation are investigated 
and a new procedure for identification of climatologically homogeneous regions is 
proposed. This new procedure is based on statistical parameters of precipitation data 
and understanding of atmospheric processes. The mean annual precipitation, recorded 
extreme precipitations, geographical locations, and synoptic weather patterns were used 
to identify three climatologically homogeneous regions.
The Generalized Extreme Value (GEV) was found to best represent the underlying 
distribution for the precipitation data by the L-moment ratios. The proposed regional 
rainfall frequency analysis uses the GEV as the base distribution with L-moments and 
indexed probability weighted moments (PWM) for parameter estimation.
The proposed regional procedure performs significantly better than the existing 
procedures such as Technical Paper 40 and the newly developed Louisiana rainfall maps
x
based on the descriptive performance indices. The relative root mean square error 
(RMSE) and relative bias (BIAS) values were reduced substantially when the proposed 
regional method was used.
Methodologies developed in this study can be applied to other regional studies. The 
advantage of this regional technique lies in its ability to dampen the sampling variability 
encountered with single-site station records. The application of this method is also 




Rainfall is the principal input to the hydrologic cycle, and its magnitude is a 
fundamental requirement of many hydrologic studies including design of hydraulic 
structures such as dams, culverts, bridges, spillways; urban and highway planning and 
development; planning of flood-control and water management projects; and non-point 
source pollution. Temporal and spatial characteristics of rainfall are needed to estimate 
runoff when rainfall-runoff models such as the Stanford Watershed Model (SWM), 
Stormwater Management Model (SWMM), Hydrologic Model (HYMO), and many 
others are used. Some other methods such as the Soil Conservation Service (SCS) 
method use rainfall depths, whereas others such as the rational method use rainfall 
intensities for runoff estimation.
Rainfall varies over space and time in an extremely complex process. An Extreme 
rainfall event is the result of the interaction of a number of complex meteorological 
processes. The magnitude and/or intensity of any given meteorological process, which 
produces precipitation, is ultimately governed by atmospheric conditions that have both 
random and deterministic components.
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For practical reasons, rainfall is measured at a number of sample points. The amounts 
recorded at these points are then used to develop rainfall depths or intensity maps. 
However, the questions often raised are: (1) Do the estimates based on point data 
properly accommodate the changes in space and time? or (2) Does the distribution used 
in the frequency analysis using the point data adequately represent the spatial and 
temporal changes? Once these questions are answered, we can select the frequency 
distribution to be used in the analysis with more confidence and obtain more reliable 
estimates.
The most widely used source of rainfall of various durations and return periods is the 
U.S. Weather Bureau Technical Paper 40 (hereafter referred to as TP-40), published 
in 1961. Since then, over 30 years of additional data have become available, the 
quality of precipitation data has improved, and new statistical methods and techniques 
have been explored. However, such advances and improvements have not yet been 
used to update this widely used paper. Over 50 percent of the stations used in 
development of TP-40 had less than 15 years of record (Zumdorfer, 1992). Due to the 
relatively short period of records and the small number of rain gauges available at the 
time of preparation of TP-40, the desired accuracy and resolution were not obtained. 
Also the TP-40 maps consist of widespread contours and lack the details needed for 
more accurate design of drainage structures in a particular watershed, because these 
maps were developed for the entire country, not any particular state. This is especially 
true in orographic regions, where the lack of data in TP-40 severely restricts the areal
analysis (Zurndorfer, 1992). Use of point data for areal analysis also requires a 
comprehensive understanding of spatial and temporal characteristics of rainfall and their 
frequency-related behavior in the region of study.
Results of this research are expected 1) to enhance the accuracy of the existing rainfall 
information for Louisiana through the use of longer records of rainfall data and a larger 
number of rain gauges; 2) to provide an in-depth analytical procedure for analyzing and 
regionalizing rainfall in Louisiana; and 3) to provide water resources professionals with 
the accurate information and procedures needed for more reliable design of water 
resources facilities. Therefore, safety and economic benefits realized from this research 
effort will be substantial considering the large number of future public works, 
transportation, and water resources management and development projects. No 
previous attempt of this scale has been documented for Louisiana and many of the 
approaches and applications used in this study are unprecedented.
1.2 LITERATURE REVIEW
The first extended rainfall frequency study in the United States was made by Yamell 
(1935) in the early 1930s, and was presented in the form of maps for several 
combinations of return periods and durations for the continental United States. 
Yarnell’s maps were based on data from about 200 first-order rain stations. The U.S. 
Weather Bureau updated this work, and published it as TP-40 in 1961 with the use of 
additional rainfall data. This rainfall atlas contains 50 maps of the United States with
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contour lines of rainfall amounts for durations varying from 30 minutes to 24 hours and 
return periods from two to 100 years. Rainfall depths extracted from these maps should 
be regarded as representative values since they are the result of many processes 
involving smoothing, translation, and interpretation.
TP-40 maps are based on 200 long-record (average record length of 48 years) first- 
order stations. In addition to the records from these first-order stations, long records 
from more than 1600 stations were analyzed to define the relationships for rare 
frequencies, and statistics from 5000 stations with short records were used to define the 
regional pattern for the 2-year return period. No record of less than five years was 
used to estimate the 2-year values. Two methods of frequency analysis were used in 
TP-40. One method, using the partial-duration series, includes all the high values 
greater than a certain base value. The other uses the annual series which consists only 
of the highest value for each year. For practical purposes, the partial-duration series 
and the annual maximum series do not differ much except in the values of low 
magnitude (return periods of ten years and less). The factors for converting partial- 
duration to annual maximum series are 0.88, 0.96, and 0.99 for 2-, 5-, and 10-year 
return periods, respectively (TP-40, 1961). Partial-duration series data for one to ten 
years and Gumbel procedure for fitting annual series data to the Extreme Value Type I 
distribution for 20 years and longer were used in developing the TP-40 maps. The 
annual series are more frequently used because (1) it is laborious to compile partial-
duration series and (2) estimates for return periods of ten years and longer are usually 
needed in most hydrologic studies.
A supplement to TP-40, HYDRO-35 (NOAA,1977), was published by the National 
Oceanic and Atmospheric Administration (NOAA) in 1977. This publication provides 
rainfall contour maps for 5- to 60-minute durations and 2-, 10- and 100-year return 
periods for the Eastern and Central United States. This set of maps is a useful addition 
to TP-40 for estimating design storms of short durations or developing intensity- 
duration-frequency (I-D-F) charts. A more detailed study to develop I-D-F charts was 
undertaken by Pennsylvania State University for the Pennsylvania Department of 
Transportation (1986). Another similar study was undertaken for the Arizona 
Department of Transportation (1988). Also, Angel and Huff (1991) developed new 
rainfall frequency relations for nine midwestem states. However, results of these 
studies would only be applicable to those states for which they were developed. The 
only published report with regard to precipitation in Louisiana was found to be 
Louisiana Rainfall, published by the Louisiana Department of Public Works in 1952. 
No reference on recent attempts to update Louisiana Rainfall or TP-40 for Louisiana 
was found.
The objective of rainfall frequency analysis is to estimate the magnitude of extreme 
rainfall or the rainfall intensity for a given duration and return period. Then the flood 
quantiles of a stream can be estimated by using a rainfall-runoff model. The quantile
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estimates at any site are subject to considerable inherent variability (Arora and Singh, 
1989). The major factors that affect the extent of variability in addition to measurement 
errors are: (1) the sample size of an observation station; (2) the recurrence interval 
of estimate; (3) the population distribution selected; and (4) the parameter estimation 
method used. Because vast possible hydrogeological variations in time and space exist, 
the population distribution may have a remarkably wide range of forms for various 
sites. The selection of an appropriate probability distribution from many candidate 
probability distributions is further complicated by the type and the limited amount of 
available data.
At-site Frequency Analysis
An "at-site" analysis uses recorded data only at the point of interest. This analysis may 
be parametric or nonparametric. In the case of parametric analyses, parameters of a 
parent probability distribution are computed using the annual maximum series. 
Cunnane (1987) compared the relative importance of the predictive and descriptive 
capabilities of flood prediction techniques. He concluded that neither attribute is more 
important than the other; indeed, the two characteristics are complementary. In order 
for a particular technique to be useful, it must possess both predictive and descriptive 
capabilities. Predictive capabilities are usually determined from Monte Carlo studies 
of a particular method or distribution, whereas descriptive capabilities are determined 
from analyses based on observed data, with the added advantage of unknown population 
distribution. The Monte Carlo-based studies compare the variability and bias of the
different methods of predicting quantiles at various points in the distribution. They are 
particularly good at determining the accuracy of a method used to predict quantiles 
which are outside the range of the observed data. This is because the "true" value of 
the quantile is known from the distribution used to generate the data. However, the 
disadvantage of the Monte Carlo-based methods is that the distribution is known in 
advance, which is not the case in real world situations. In some instances interest lies 
in estimating the quantiles which may already be contained in the systematic records 
as well as in extrapolating beyond the original records. In these cases, we are 
interested in the ability of a particular method to interpolate or describe the observed 
record; and we normally would not know the distribution of the data a priori.
Several studies have compared the performance of various probability distributions and 
parameter estimation methods for flood data. Kuczera (1982) compared six 
distributions using different parameter estimation methods, i.e., (1) normal
distribution with maximum likelihood estimation (MLE); (2) two-parameter log­
normal (LN02) distribution with MLE, and method of moments (MOM); (3) log- 
Pearson type 3 (LPEAR3) with the indirect method of moment (MMI) estimation 
(method recommended by U.S. Water Resources Council — USWRC, 1967); (4) 
extreme value type 1 (EV1) distribution with MLE, probability weighted moments 
(PWM) and MOM; (5) log-EVl distribution with MOM; and (6) Wakeby 
distribution (WAK) with PWM. He used a sampling experiment assuming that floods 
were distributed according to Wakeby parent distributions. Four regionalized Wakeby
parents were used in simulation studies to search for robust models using mean square 
error and bias as performance indices. Even though he found the LN02 and the 
Gumbel to be robust procedures, he concluded that the sampling experiments were too 
limited to recommend any particular procedure. Wallis and Wood (1985) compared the 
performance of the generalized extreme value (GEV) distribution with PWM, the WAK 
distribution with PWM, and the LPEAR3 with MMI and recommended the use of GEV 
with PWMs.
In the case of non parametric single-site analyses, various tail analysis such as the 
extrapolation method proposed by Breiman and Stone (1985) can be used. They 
proposed a method for computing estimates and confidence bounds for tail quantiles 
based on the upper tail of the data that does not depend on an assumed parametric 
model for the distribution of data. Their method essentially fits a quadratic tail model 
to the upper part of the data and extrapolates beyond the data point. A simulation study 
with large samples show the method may have promise for a family of distributions that 
are neither too-heavy or too-light tailed (Estimating Probabilities of Extreme Floods, 
1988).
There seems to be no general consensus on either the performance of a specific 
distribution or a specific parameter estimation method in flood frequency analysis. 
Some distributions, however, are expected to be superior to others under given 
geographical conditions. Sometimes, conclusions from individual studies seem
contradictory because they are analyzing different types of data (Monte Carlo simulated 
versus observed data). For example, Arora and Singh (1989) concluded (based on their 
Monte Carlo simulation results) that the LPEAR3 with MMI performed poorly in terms 
of predictive performance indices and suggested a revision of the recommendation by 
USWRC (1967) of using LPEAR3-MMI. Arora and Singh (1989) compared EV1 with 
MOM, MLE, PWM, mixed moments (MIX), maximum entropy method (ENT), least 
squares and incomplete means by Monte Carlo simulation, and LPEAR3 with MOM, 
MMI, MIX, MLE, and ENT. On the other hand, Jain and Singh (1987) and 
USWRC(1967) found, based on descriptive performance indices, that the LPEAR3- 
MMI gave consistent and efficient estimates for flood data.
The majority of previous studies to explain the behavior of probability distributions are 
based on flood data. The results of studies on the predictive ability of distributions 
using flood data would still be applicable to other types of data such as rainfall. 
However, the state of knowledge on the descriptive ability of distributions for rainfall 
data requires further advancement.
A more quantitative approach for selection of an appropriate distribution and parameter 
estimation method is to test some of the most frequently used distributions in applied 
hydrology along with the most robust parameter estimation methods. Using certain 
goodness-of-fit test statistics criteria such as mean square error and bias, one can 
compare the performances of different combinations of the distributions and estimation
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methods and select the best combination. Naghavi et al. (1991) applied five commonly 
used distributions and three parameter estimation methods widely used in applied 
hydrology to Louisiana rainfall data. The five probability distributions were the two- 
parameter log-normal (LN02), the three-parameter log-normal (LN03), the Pearson 
type 3 (PEAR3), the log-Pearson type 3 (LPEAR3), and the extreme-value type I 
(GUMBEL). The three parameter estimation methods were the method of moments 
(MOM), the maximum-likelihood estimate (MLE), and the principle of maximum 
entropy (POME). They concluded that based on descriptive analysis, the LPEAR3 
distribution, with the method of logarithmic moments was the most appropriate 
combination of distribution and estimation methods for the Louisiana rainfall data. The 
quantiles and the maps generated in that study are presented in the Appendix (Tables 
A.28-A.38, and Figures A.1-A.6) and will be compared to the results of this 
investigation.
Wilks (1992) studied several three-parameter as well as some two-parameter 
distributions. He concluded that the use of three-parameter distributions appear to have 
provided sufficient flexibility so that a single parametric distribution may be used to 
represent extreme precipitation at different locations and for different rainfall 
accumulation periods. He also concluded that the Gumbel distribution, which was 
recommended by Hershfield (1962), and used in the development of TP-40 maps, 
underestimates precipitation amounts on the right tail. Huff and Neill (1959) and Angel 
and Huff (1991) also studied various distributions and found that no distribution
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adequately fit the precipitation data throughout the wide range of recurrence intervals. 
Sevruk and Geiger (1981), in their worldwide appraisal of distribution types for 
extreme precipitation, did not reach a conclusion concerning the superiority of any 
distribution.
Spatial and Temporal Models
The temporal distribution of rainfall at any point in space can be quantified by 
determining the intensity of the rainfall and its variation with time. Representation of 
temporal characteristics of rainfall is normally expressed through hyetographs or 
dimensionless depth and duration variables to represent the storm structure. Huff 
(1967) grouped rainfall storms according to the quartile in which the rain was heaviest. 
He analyzed storm precipitation data collected from a rain gauge network in Illinois. 
From these data he developed a method of characterizing the temporal distribution of 
storm precipitation and developed a family of curves known as the "Huff Curves". He 
used recorded rainfall data from 49 gauges for the 11-year period, 1955-1966. He also 
defined a storm as a period of rain separated from preceding and succeeding rainfall by 
six hours or more. All storms were used in which the network mean rainfall exceeded 
0.5 inches, and/or one or more gauges recorded over one inch. Within the data period, 
261 network storms having total durations of from three to 48 hours qualified for the 
study. Then he classified, the storms into four groups depending on whether the 
heaviest rainfall occurred in the first, second, third, or fourth quarter of the storm. He 
also developed probability levels from 10 to 90 percent for each group of storms.
12
Bonta and Rao (1987) studied factors affecting storm hyetographs developed by Huff 
(1967) and found that the season of year has significant affects on Huff curves. The 
comparison by Bonta and Rao (1988), between the Huff curves and three design storm 
hyetographs (y-type, trapezoidal, and s-type), found the Huff curves the most flexible 
of the four patterns investigated. Bonta and Rao (1989) also compared the Huff curves 
to data from Ohio and found that the similar curves developed for Ohio were not 
significantly different from Huff curves. Kottegoda and Kassim (1991) proposed a 
method based on the number of crossings for identification of storm patterns for use in 
simulation models. A quantitative description of the form of temporal storm structure 
was then made by means of a classification based on the number of crossings. This 
technique accounts for particular features and synoptic storm types which are relevant 
to specific sites. Additionally, the classification can take account of seasonal variations 
in an area. However, studies by Huff (1967) and Kottegoda and Kassim (1991) are 
based on the analysis of the temporal distribution of rainfall within individual storm 
events rather than the annual maximum series.
The rainfall depth is usually established from atlases such as TP-40 that provide a 
rainfall depth for a given duration and frequency. Such atlases provide spatial 
variability on a very large scale. The constant point rainfall over a drainage basin is 
then adjusted using area reduction factors (TP-40, 1961). The average area-depth 
relationships, as a percent of the point values, has been determined for 20 dense 
networks up to 400 square miles from various regions in the United States.
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Transformation of point rainfall to areal rainfall has also been studied by Roche (1963) 
and Rodriguez-Iturbe and Mejia (1974a). However, these procedures are cumbersome 
and are based on the estimation of correlation coefficients between the gauges, which 
is by itself, a problem with serious implications due to the multidimensional character 
of the process and the uneven spacing of the data points or rain gauges. Rodriguez- 
Iturbe and Mejia (1974b) also proposed a methodology for the design of precipitation 
networks based on describing the rainfall process in terms of its correlation structure 
in time and space. Perry and Shafer (1990) developed a spatially varied rainfall model 
that varies from time interval to interval, and it varies in intensity from location to 
location in the drainage basin.
The National Research Council recently undertook a study of methods for estimating 
probabilities of extreme floods (1988). One of the methods that was recommended as 
having high potential is based on the use of rainfall runoff modeling with synthetic 
storms. There are two general types of synthetic storm development: transposition of 
historic storm information, and regionalization of depth-duration-frequency station data. 
Storm transposition is based on the assumption that there exists regions such that a 
significant storm occurring somewhere in such a region could occur anywhere else in 
the region with the provision that there may be differences in the average depth of 
rainfall produced (Fontain and Potter, 1989). Fontain and Potter (1989) also 
demonstrated the application of stochastic storm transposition to a catchment in the 
midwestern United S tes. They concluded that it was unwise to generalize from their
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results, and that the storm transposition is yet a weakly articulated concept which its 
application is subject to potentially large errors. Also, storm transposition will not be 
applicable to regions where historical storm catalog is limited. In such areas, 
regionalization of station data may be the best way of obtaining accurate estimates of 
rainfall extreme events.
Stochastic rainfall models fall into three broad groups. One-dimensional temporal 
models simulate rainfall at a point. Multidimensional space-time models simulate 
rainfall in both space and time. Intermediate between these groups are multistation 
models; these are based on temporal models that are fitted to station data and linked 
together to provide some degree of spatial structure by preserving certain cross- 
correlational properties (Estimating Probabilities of Extreme Floods, 1988). Of these 
three groups, one-dimensional temporal models have received the most attention. 
However, there is some question as to whether they adequately model extreme rainfalls. 
Valdes, Rodriguez-Iturbe, and Gupta (1985) concluded that, based on extreme value 
analysis, none of the temporal models was able to reproduce correctly the upper tail 
distribution of the model which it was based.
A stochastic model of the rainfall process at a point has as its objective the description 
of the behavior of precipitation in time. To explain such processes, the point process 
theory using binomial and Poisson models has been explored by Waymire and Gupta 
(1981), Rodriguez-Iturbe, et al. (1987), Eagleson, et al. (1987) and others. Waymire
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and Gupta (1981) concluded that these models give only a crude approximation to the 
modeling of daily rainfall events for the thunderstorms and that the situation becomes 
worse for smaller time scales. Eagleson, et al. (1987) applied three spatial Poisson 
models to thunderstorm-rainfall and found these models appear capable of reproducing 
important features of spatial distribution for storms that are stationary in space. 
Rodriguez-Iturbe, et al. (1987) studied two classes of models for temporal 
representation of rainfall at a fixed point in space. In the first class of models, storm 
events arise in a Poisson process, each such event being associated with a period of 
rainfall of random duration and constant but random intensity. In the second class of 
models, storms arise in a Poisson process, with each storm giving rise to a cluster of 
rain cells having a random duration and constant but random intensity. It was found 
that the first class of models gave a poor fit at levels of aggregation different from the 
one at which the model parameters were estimated. Cluster-based models were able 
to take account of the cumulative rainfall characteristics over a range of time scales 
from 1 to 24 hours without changing the model parameters.
Efi Foufola-Georgiou (1987) used the Neyman-Scott type cluster point process to model 
temporal rainfall at a single location. They found that this class of models does not 
provide adequate fit to some observed rainfall series. Garcia-Bartual and Marco (1990) 
proposed a model to describe the internal structure of convective precipitation. The 
proposed temporal structure showed good agreement with the observed series at the 
small scales (increments of 10 minutes), and adequately described the temporal
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characteristics of the internal structure of precipitation. Hay, et al. (1991) expanded 
the work of Muller and Wax (1977) and Faiers (1988) by determining precipitation 
relations to generate temporal sequences of six daily weather types using a Markovian- 
based model. The six weather types were: high pressure, coastal return, maritime 
tropical return, frontal maritime tropical return, cold overrunning, and warm frontal 
overrunning.
Space-time modeling is in its infancy and in fact no space-time models have been fitted 
to actual data. Furthermore, in many practical applications the lack of sufficiently 
dense gauge networks make these models infeasible. An alternative is to use a space­
time model based on radar data, such as the one developed by Kavvas and Herd (1985). 
Multistation models, such as the ones proposed by Franz et al. (1986) and Bras et al. 
(1985), have performed satisfactorily with some limitations.
In summary, a great deal of further research is needed to evaluate the ability of 
stochastic models to represent extreme values.
Regional Frequency Analysis
Because of the high spatial variability of rainfall, the rainfall amounts for a given return 
period may be very different at neighboring stations. Predictions from a single 
historical sequence of hydrologic variables are limited because the records are generally 
short and the sampling errors are correspondingly large. Regionalization of rainfall 
provides additional and more reliable information for climatologically homogeneous
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regions. Other advantages of regionalization are the ease of the use of regional 
quantiles for hydrologic work, and its application to sites where precipitation records 
are not available. Therefore, the regional analysis can, under an assumption of a strong 
relationship among site parameters and negligible cross-correlation, essentially expand 
the data set from that of the single site to the entire region.
The difficult tasks, however, which require subjective judgement in regional frequency 
analysis are identification of the homogeneous regions and the choice of regional 
frequency distribution. In a region of homogeneous meteorology, the differences in 
population flood frequency distributions at various sites will be due largely to 
differences in the physical characteristics of the corresponding catchments. Therefore, 
it should be advantageous to regionalize the meteorological factors, especially rainfall, 
and then use a runoff model to account for drainage basin characteristics.
In recent years, a great deal of effort has been invested in regionalizing statistical flood 
parameters (Greenwood, et al., 1979; Hosking, 1980). However, application of the 
regionalization techniques to climatological inputs such as rainfall has been rather 
limited; although several researchers such as DeGaetano and Shulman (1989) have 
investigated development of climatic classifications to isolate the general pattern of 
climatologically similar regions. Fitzgerald (1989) used the combination of a Poisson 
process of occurrences and a generalized Pareto distribution (GPD) for a regionalization 
scheme. The pooling of the station estimates require the broad assumptions of a basic
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threshold, Poisson rate parameter, and GPD parameters which apply throughout the 
region. He used the method of PWMs to estimated parameters of GPD and also 
proposed a method of combining the individual estimates to define a regional curve. 
He concluded that (1) this approach lends itself readily to a regionalization scheme, and 
(2) even for individual stations, this procedure has the advantage over the annual 
maximum method by allowing larger sample sizes to be extracted from the same period 
of record.
Baghirathan (1978) and Sreedharan, et al. (1990) used Extreme Value Type I 
distribution (fitted by maximum likelihood) and carried out regional relationships based 
on the station-year concept; the regions were selected considering rainfall and 
topographical characteristics. Others have developed regionalized rainfall intensity - 
duration-frequency (IDF) curves (Aron, et al., 1987 and Oyebande, 1982) and storm 
hyetographs (Bonta and Rao, 1989), which are essential in the design of hydraulic 
structures. Aron, et a. (1987) used the Log-Preason Type III distribution on the partial- 
duration series for five homogeneous regions in Pennsylvania. Oyebande (1982) 
applied the Extreme Value Type I (Gumbel) distribution to annual extreme rainfall data 
sets for 11 rainfall zones to estimate the parameters of IDF curves.
Regional flood frequency techniques have been proposed by Dalrymple (1960), 
Stedinger (1983) and Kuczera (1982). Hosking et al. (1985) and Wallis and Wood 
(1985) also reported on regional analysis based on the index flood method. In the index
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flood method, the data at each site are normalized (often using the at-site-mean) and 
then using all normalized data, parameters of an assumed model for the regional 
normalized flood are estimated. Once the regional parameters are estimated, the 
distribution at each of the sites is assumed to be the same, except for the scale factor 
used in the normalization. The assumption that the distribution for the rainfall is the 
same for all stations in a homogeneous region is more reasonable than a similar 
assumption for floods. This is because the effect of watershed characteristics on 
rainfall is much less than that for floods. Regionalization procedures that depend upon 
averaging at-site moment estimates can give poor quantile estimates in the upper tail 
that are of interest in hydrological studies. Schaefer (1987), however, has reported 
successful application of this concept with rainfall maxima for the state of Washington.
Greis and Wood (1981) recommended an indexing method similar to that of Dalrymple 
(1960), but with the generalized extreme value (GEV) as the base distribution and the 
probability weighted moments (PWM) as the parameter estimation method. This 
parameter estimation method, first proposed by Greenwood, et al. (1979), has been 
shown to possess very attractive asymptotic characteristics when used to estimate the 
parameters of several distributions, especially in cases where the samples exhibit wide 
variability (Landwehr, et al., 1979). This characteristic makes the method, which has 
been suggested by many as an alternative to the method of maximum likelihood, very 
useful for regional frequency analyses. In support of this, Potter and Lettenmaier
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(1990) tested 10 commonly used frequency methods and found that the GEV index 
method possessed predictive characteristics superior to the other methods tested.
The issues of climatic homogeneity and region definition poses the greatest obstacle to 
obtaining a satisfactory regional solution because it is site-dependent and involves 
subjective judgement. However, it is possible to define a climatologically homogeneous 
region by using some physical characteristic(s) of the collection sites (Schaefer, 1990). 
In the context of index flood methodology, homogeneity is interpreted to mean that all 
sites within a region/subregion could be characterized by a specific probability 
distribution having fixed values of coefficients of variation (Cv) and skewness (Cs).
During his initial iteration to identify the homogeneous regions, Schaefer (1990) 
realized that for any given duration, the four initial regions displayed significant 
variations of regional values of Cv and Cs. This is probably because the climate in the 
state of Washington varies from arid to rain forest, with the mean annual precipitation 
(MAP) ranging from 7 to 200 inches. This also raised the question of "how should the 
quantile values near region boundaries be estimated?" Those problems were 
circumvented by considering the state to be a heterogeneous superregion, with 
climatologically homogeneous regions defined as those areas representing a small range 
of MAP. Schaefer (1990) also displayed that the subregional values of Cv and Cs 
varied systematically with the MAP across the subregion. This allowed the subregional 
values of the Cv and the Cs to be expressed as continuous variables instead of
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conventional fixed values and eliminated the boundary problems normally associated 
with the subregion definition. Smaller values of Cv and Cs were associated with humid 
and rain forest environments. This approach seems to be applicable for topographically 
diverse regions that show a high variability in the Cv and the Cs. However, for 
regions such as Louisiana with small variations of the Cv and the MAP values (42 to 
64 inches), other approaches should be explored.
In 1986, Hosking (1986) expanded the utility of PWM through the development of L- 
moments. L-moments are linear combinations of expected order statistics. As 
compared to conventional moments, L-moments are more robust, since they are less 
influenced by the effects of sampling variability (Hosking, 1989 and Hosking, 1990). 
Therefore, the L-moments method is superior to conventional moments and make 
inferences from small samples more reliable. L-moments have been successfully used 
to identify suitable distributions by Schaefer (1990) and Zumdorfer (1992). In their 
studies, they found that their rainfall data was best described by GEV.
1.3 OBJECTIVES OF RESEARCH
Objectives of this research effort are:
1) to propose a new procedure for compilation and enhancement of rainfall data to 
be used in rainfall frequency analysis. This study will use hourly precipitation 
records of 92 rain gauges in Louisiana as shown in Figure 1.1;
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2) to study the temporal and spatial characteristics of annual maximum
precipitation in Louisiana to determine if estimates based on point data can 
adequately accommodate spatial and temporal changes;
3) to investigate the frequency-related temporal and spatial characteristics of
rainfall to determine if the frequency distribution used can adequately account 
for changes in time and space;
4) to study the spatial and temporal variation of statistical parameters of rainfall
and to develop a new procedure for identification of climatologically 
homogeneous regions;
5) to formulate a new procedure for regional rainfall frequency analysis in
Louisiana using a combination of appropriate statistical parameters, guided by 
available climatological knowledge of atmospheric processes; and
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Figure 1.1 Rain Gauges in Louisiana
CHAPTER 2
PREPARATION OF RAINFALL DATA
2.1 INTRODUCTION
As with any statistical analysis, the first step is careful preparation of data so that gross 
errors and inconsistencies are minimized. There are several problems associated with 
the current methodologies of preparing rainfall data for statistical analysis. Reliability 
of these procedures are further reduced by the questionable quality of the collected data. 
For instance, daily rainfall values are generally used to represent 24-hour precipitation; 
this misrepresentation may result in large errors, as a 24-hour precipitation event may 
extend to the following day. Another problem is associated with the extrapolation of 
precipitation ratios computed at a few first-order stations (normally located at major 
airports) to other stations. This is done by computing the ratio of rainfall for an 
assumed duration (i.g., 6 hours) to daily rainfall at a first-order station and multiplying 
this ratio by the daily precipitation at a nearby station to obtain the 6-hour precipitation 
at that location.
The method proposed here will attempt to reduce these inconsistencies by using the 
hourly data at all available locations and enhancing these records by using hourly data 
from nearby stations. The annual maxima series for any duration are also the actual
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maximum precipitation values for that duration searched for that entire year. Even 
though this new procedure may reduce some of the inconsistencies in precipitation data, 
it may not necessarily be an error-free procedure, as it may introduce other types of 
errors (such as filling a data gap from a missing or deleted record that may not have 
occurred) to the records. However, such errors are minimized by filling the missing 
data from nearby stations that are expected to have experienced the same extreme 
events and using a regional frequency procedure which pools all available data in that 
region.
Records were available for 92 rainfall observation stations in Louisiana for the period 
1948-1987. Some of the stations had about 40 years of hourly rainfall records and 
some had shorter records, but almost every station had periods of missing records. The 
new procedure for preparation of rainfall data involved the following steps:
(1) Data acquisition. Hourly precipitation data (TD-3240) were obtained from the 
National Climatic Data Center (NCDC) of the National Weather Service (NWS). TD- 
3240 contains records of 92 rain gauges in Louisiana. Locations of these rain gauges 
are shown in Figure 1.1. Table A .l in the Appendix also lists these 92 rain gauges, 
along with their coordinates and their periods of record. In this study, a rainfall 
frequency analysis was performed utilizing data from all 92 available rain gauges.
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(2) Compilation and completeness of data. These data were compiled and enhanced 
for completeness. The nearby observation stations located in the same climatological 
region can be expected to have similar rainfall patterns and rainfall records. To 
provide a long period of record for a reliable statistical analysis, records at stations 
located within a 10-mile radius were combined when a single station with a long 
record was not present. Data from the stations with complete records located within 
a 10-mile radius were used to fill in the data gaps for a single or combined 
representative station. Data from neighboring rain gauges with complete records were 
used to fill the gaps when data were not available at the stations within the 10-mile 
radius. This grouping of rain gauges provided us with 25 synthesized (representative) 
stations each of which combined the neighboring stations into one representative 
station. The average record length for the 25 representative stations is 38.6 years. 
These representative stations are shown in Figure 2.1. The group of stations within 
a 10-mile radius that comprised a synthesized (representative) station were called 
primary stations. The stations outside the 10-mile radius used to fill in data gaps for 
a synthesized station were called secondary stations.
In order to test the consistency of the records and the need for adjustments to 
precipitation records at the representative stations, a mass-curve analysis was 
performed. Mass-curves were developed for the entire period of records for all 25 
representative stations. These curves indicated that records for all 25 stations were
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consistent and that there was no need for further adjustment. Figures 2.2 through 2.5 
represent a sample of mass-curves for four stations.
It is often necessary to correct sampling errors which are due to poor rain gauge 
exposure, inadequate rain gauge maintenance, and data entry and data reduction (man- 
made) errors. Data from the stations with complete records located within a 10-mile 
radius were used to fill in the data gaps for a single or combined representative 
station. Data from neighboring rain gauges (outside the 10-mile radius) with complete 
records were used to fill the gaps when data were not available from the stations 
within the 10-mile radius. The inverse-distance-squared method has been advocated 
to be the most accurate procedure for estimating missing data (Dean and Snyder, 
1977; Kruizinga and Yperlaan, 1978). This method was used to fill in the missing 
hourly data for each station:
m
PX= E  PiWj (2.1)
i = l
Px = Hourly precipitation to be computed at the desired station with missing 
data
Pi = Hourly precipitation of gauges in the immediate vicinity of the desired 
gauge








In the equation above, Dj is the distance between the rain gauge with the missing 
record and the i-th rain gauge to be used for filling-in the missing record. For cases 
where cumulative values of rainfall were known for a period of record, the value of 
the computed Px for each hour was multiplied by the ratio of the recorded to the 
computed cumulative rainfall values for that period.
The completed data for the synthesized stations were examined for possible errors in 
the process of filling data gaps. This was accomplished by checking the annual 
precipitation between the synthesized and primary stations. When the annual 
precipitation of the synthesized stations exceeded the annual precipitation of the 
primary stations by more than 15 percent, modifications were made to the selection 
of secondary stations. Such errors occur when rainfall fields move from one location 
to another.
(3) Tests for homogeneity of data. The suitability of the synthesis was examined 
using the correlation plots of monthly rainfall between primary, secondary, and 
synthesized stations. Use of these plots assured that the homogeneity property was 
not severely violated when filling the data gaps. Upon satisfactory results of the 
homogeneity test among a primary group of stations, the station that had the longest
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record length and the least amount of missing data was selected as the "basic" station 
to form the synthesized station record. For any missing data of the "basic" station, 
rainfall values from a nearby primary station that had observation values for that 
missing period and a high correlation with the "basic" station were used. Normally, 
more than one station was used to make the synthesized data continuous in terms of 
hourly rainfall values. If missing records of the synthesized station could not be filled 
completely from the primary group of stations, the missing data were filled using 
values from nearby secondary stations that had high correlation with the "basic" 
station. The inverse-distance-squared method was used to fill in the missing data from 
the nearby secondary stations.
This chapter is organized into four sections. Section 2.2 explains how the original 
observation data were compiled and completed. Section 2.3 gives the details of the 
homogeneity tests between primary, secondary, and synthesized stations. Finally, 
section 2.4 discusses the data computations of annual maximum rainfall depths for the 
25 synthesized stations.
2.2 DATA COMPILATION AND COMPLETION
Hourly precipitation data (TD-3240) was obtained from NOAA. Extensive efforts were 
made for detailed examination and verification of the raw data, and were stored in a 
data file. The data in this file were a combination of original observations of hourly 
and daily accumulated precipitation. The data were labeled with measurement flags,
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A for accumulated values, M for missing values, and D for deleted values. A, M, and 
D values should come in pairs, with the first date indicating the beginning and the 
second date indicating the end of the period. However, some of these records were not 
found in pairs. Therefore, a computer program (RAINAMD) was developed to check 
for flagged unpaired records. Incomplete records were then deleted from the data set. 
A computer program (RAINST) was also developed to compute rainfall values for 
designated stations for a designated time period. If rainfall values were missing, 
deleted, or accumulated over several hours, an attempt was made to calculate those 
values using data from other selected stations.
2.2.1 OVERVIEW OF RAIN AMD
This program lists all the A, M, and D paired records for all the stations in the primary 
group. This listing allowed the detection of unpaired records as well as the overlap 
periods which may result in erroneously paired groups. RAINAMD was written in 
EASYTRIEVE PLUS language, which is an information retrieval and data management 
system.
2.2.2 OVERVIEW OF RAINST
RAINST was also written in EASYTRIEVE PLUS language. The data were read and 
various temporary files were written to produce a data file for the synthesized station. 
These temporary files include a file of "good" primary readings and records for which 
values are to be calculated from other sources. Other files are written to pick up
31
possible replacement values for the primary stations. The temporary files are then used 
to produce a permanent file of data to represent the designated synthesized station. 
Within this program, various reports may be printed including a summary of yearly 
rainfall for the "basic" station or stations.
2,2.3 INPUT DATA
The synthesized station is assigned a station ID (0001, 0002, etc.), which is entered into 
line 22 of the program. This value is printed on the report. As many as six primary 
stations may be designated within an area with each station being assigned a time 
period. The four-digit station numbers are entered into lines 24 to 29 within the 
"value" statements. Each unused station number is left as ’0000’. Following each 
primary station, a designated time period is given in the form of YYYYMMDD - 
YYYYMMDD (year/month/day) for the beginning and ending dates. Each unused 
period is left as ’00000000 - 00000000’. As many as five secondary groups of stations 
may be designated. Each group may contain as many as six stations. These stations 
are entered as "values" into lines 44 to 89. Unused secondary station numbers are left 
with 0000 values. Following each set of six secondary stations within each secondary 
group is a distance value denoting the distance between the centers of that group and 
the primary group. Unused distances are left as a value of 000.00.
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2.2.4 SEQUENCE OF COMPUTATIONS IN RAINST 
Computations were carried out in the following steps.
Step 1
Before any records are read from the file, the primary and secondary values are 
formatted to be displayed as the first page of output. The TD-3240 rainfall file is read 
and if the station record contains all zero values, the record is discarded. Also, if the 
day field contains 01, the hour field contains 01, the rainfall field contains zeroes, and 
the record flag (A, M, or D) is blank, then the record is discarded. If the rainfall field 
contains 999.99, the field is changed to zero.
For a record from a primary station, the following computations are performed:
1. If a record is within its designated time period, it is written on the temporary 
file, FILEP.
If a record is not within its designated time period, it is written on the temporary 
file, FILE2. This file is later sorted and changed to FILEP22 in the order of the 
year, month, day, and hour. FILEP22 is finally sorted and transformed to 
FILEPT in the same time order, selecting the first record for each time period 
(that is, only one record per hour is selected). This file is later used as a table.
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2. If the record is an A, D, or M record and is not within the time period for that 
station, then the record is discarded. If a record is an A, M, or D record and 
it is within the given time period, it is printed in a report showing the station-ID, 
the year/month/day/hour, the amount of rainfall and the letter A, M, or D.
A Type Records:
A single record is written to FILEP for the accumulated time period if the inches 
accumulated exceeds 0.00. When hourly rainfall values are filled in from other 
stations, the computed total rainfall value for the accumulation period is then adjusted 
according to the recorded value. If no rainfall value is found from other stations 
within the accumulation period, the accumulated value is distributed evenly over the 
accumulation period or a 24-hour period, whichever is smaller. This is necessary in 
order to obtain the same annual rainfall values for recorded and synthesized data.
M Type Records:
Prior to 1984, the second value in the pair of M records was a valid reading, therefore 
it was written out to FILEP.
For all pairs of M records, a record is written to FILEP for each hour between the 
beginning and ending of that period with an indicator that it was from an M - Missing 
data period - and with zero inches.
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D Type Records:
One record for each hour between the beginning and ending of that time period is 
written to FILEP with an indicator that it was a D - Deleted data period.
If a record is from a secondary station, then it is written to FILES 1, FILES2, FILES3, 
FILES4, or FILES5 according to the number of the secondary group it belongs to. 
These files contain only the year, month, day, hour, station number, and amount of 
rainfall. If it is an A, D or, M record, it is eliminated.
Step 2
This step computes the monthly precipitation for the primary stations. When this step 
is used, the primary station numbers must be reentered into lines 859 through 863.
2.3 TESTS FOR HOMOGENEITY OF DATA
2.3.1 CORRELATION PLOTS OF PRIMARY STATIONS 
Primary stations within a synthesized station were used to supplement records for the 
"basic" station. However, most primary stations within a synthesized station did not 
have extended overlapping observation periods. Figures 2.6 through 2.9 show the 
correlation plots between primary stations for the synthesized Stations 1, 4, 9, and 18. 
In general, the plots for the primary Stations 1, 4 ,  and 18 show strong correlation 
between the stations based on monthly precipitation records. However, Station 9 does
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not exhibit a strong correlation. Therefore, extreme care should be taken when 
supplementing records from the primary stations.
2.3.2 CORRELATION PLOTS OF PRIMARY AND SECONDARY STATIONS
In order to obtain the best interpolated data to fill the missing records of the synthesized 
station, closely located primary and secondary stations were examined by the 
correlation plots. A total of 108 correlation plots were drawn. A sample of four of 
such plots is illustrated in Figures 2.10 through 2.13. The secondary station, that has 
a high correlation (based on monthly precipitation records) with a primary station, 
should be used to fill in the missing data of the synthesized station.
2.3.3 CORRELATION PLOTS OF SYNTHESIZED STATIONS
In order to check the homogeneity of the region, correlations between the synthesized 
stations were also plotted, as shown in Figures 2.14 through 2.17. It is seen from these 
plots that monthly precipitation data for the nearby synthesized stations do not exhibit 
strong correlations. This suggests that the state of Louisiana may not be a single 
climatologically homogeneous region and may be subdivided into smaller regions.
2.3.4 TESTING THE DATA COMPLETION PROCESS
In order to check the overall process of data completion, accumulated recorded and 
synthesized rainfall values were compared for the entire period of records at all 
stations. These values are shown in Table 2.1. This table also shows the percent
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increase of synthesized rainfall from recorded rainfall. Percent increases average about
4.0 for the 25 stations with minimum and maximum values of 0.0 and 14.5. The minor 
differences in accumulated rainfall values (1 to 2 inches) for stations 7, 8, and 17 are 
due to computational and round-off errors where no additional data were used to fill in 
data gaps. These minor differences are insignificant and would not affect the overall 
accuracy of the analysis. Mass curves were also developed for the same four stations 
previously represented in Figures 2.2 through 2.5 and are shown in Figures 2.18 
through 2.21.
2.4 COMPUTATION OF ANNUAL MAXIMUM RAINFALL DEPTHS
With 25 complete data sets representing the 25 synthesized stations, the annual 
maximum rainfall depth series at each synthesized station was calculated. This was 
done by making the rainfall data continuous by inserting zero values for non-rainfall 
hours, then scanning the continuous data and finding the maximum annual rainfall depth 
for any given duration. The annual maximum rainfall series for the durations of 1, 3, 
6, 12, 24, 36, 48, 60, 72, and 96 hours were calculated for all of the 25 stations. The 
annual maximum rainfall series for the 24-hour duration is shown in Table A.2 of the 




COMPARISON BETWEEN ACCUMULATED RECORDED AND SYNTHESIZED
RAINFALL (INCHES)
Station Record Period Recorded Synthesized % Increase
1 1948 - 1987 2430.60 2553.98 5.1
2 1948 - 1981 1868.58 1952.14 4.5
3 1948 - 1987 2223.49 2226.76 0.1
4 1948 - 1987 2231.03 2236.95 0.3
5 1948 - 1987 2268.46 2332.45 2.8
6 1948 - 1987 2203.41 2290.27 3.9
7 1948 - 1987 2225.71 2223.54 0.0
8 1948 - 1987 2291.95 2292.79 0.0
9 1948 - 1987 2061.16 2290.74 11.1
10 1948 - 1987 1974.57 2260.11 14.5
11 1948 - 1987 2047.31 2127.77 3.9
12 1948 - 1987 2116.86 2268.21 7.2
13 1948 - 1987 2051.63 2232.73 8.8
14 1948 - 1984 1845.64 1930.76 4.6
15 1948 - 1987 2019.38 2025.31 0.3
16 1955 - 1984 1478.09 1554.97 5.2
17 1951 - 1987 1630.52 1629.92 0.0
18 1948 - 1987 1773.16 1799.54 1.5
19 1948 - 1983 1397.69 1489.16 6.5
20 1948 - 1987 1711.84 1728.25 1.0
21 1948 - 1983 1666.80 1850.35 11.0
22 1948 - 1987 1812.22 1920.28 6.0
23 1948 - 1987 1968.35 1970.67 0.1
24 1948 - 1987 1900.88 1900.88 0.0
25 1948 - 1987 2006.75 2057.34 2.5
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CHAPTERS
EXAMINATION OF DATA AND 
IDENTIFICATION OF CLIMATIC REGIONS
3.1 AT-SITE FREQUENCY ANALYSIS
In any frequency analysis, the analyst should make use of all information available to 
obtain the best estimates of extreme events. Initially, a single at-site analysis can be 
performed. This analysis is a good starting point, and it uses recorded data at the point 
of interest. The "at-site" analysis may be parametric or non parametric. In the case 
of the parametric analysis, parameters of a parent distribution (such as LPEAR3 or 
GEV) are computed using the annual maximum series. A histogram or probability plot 
can also be prepared to perform a crude goodness-of-fit analysis.
Generally, there is a large variability in the annual maximum data from one site to 
another. This variability is shown in Figures 3.1 through 3.6 for rain gauges in 
Louisiana. These figures represent at-site 24-hour annual maximum data from several 
adjacent stations. The following section describes the two conventional methods 
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3.2 SELECTION OF A PROBABILITY DISTRIBUTION
In a conventional approach, the extreme values are fitted to a parametric probability 
distribution to determine the quantiles for "average return periods." Fitted distributions 
are used both to smooth the data, and to provide an unbiased estimate of the true 
population to allow extrapolation beyond the original data. Conventionally, several 
probability distributions are tested and one that fits the underlying data the best will be 
used.
However, a probability distribution that represents one type of data at a location may 
not represent a similar type of data at another site. Therefore, proper selection of a 
probability distribution to represent a set of data is of great importance.
3.2.1 PLOTTING POSITION METHOD
The first step in identifying whether a distribution is appropriate for the region under 
study is to draw the plotting positions and the corresponding quantiles on a probability 
paper or on a paper specific to a distribution such as Gumbel (EV1). There are several 
plotting position formulas used in flood frequency analysis. One of them is Weibull, 
which is used in this study. This is done by ranking the annual maximum rainfall 
observations at each synthesized station in a descending order, X, > X2 > X3 .... > 
Xn, and computing the empirical probability for the i-th observation as
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where n is the number of observations at the synthesized station. Then, the plotting 
positions with corresponding Xj values are drawn on the appropriate probability paper. 
If all the points on a log-probability graph form approximately a straight line, the 
underlying distribution is likely to be a log-normal distribution. Similarly, if all 
plotting points fall approximately on a line on the EV1 probability paper, the underlying 
distribution is EV1.
The 24-hour annual maximum rainfall series for stations 1, 5, 9, and 18 were drawn 
on both the log-log (Figures 3.7-3.10) and the EV1 probability papers (Figures 3.11- 
3.14). These figures show that some station data fitted the normal distribution well 
(Stations 1, 5, 9), and some were fitted equally well by both distributions (Station 18).
Therefore, it was difficult to quantitatively determine from these plots the distribution 
best representing the underlying population distribution. Also, this is a rather difficult 
procedure to perform for all commonly used probability distributions. Thus, we had 
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3.2.2 HISTOGRAM METHOD
Another method to identify the underlying population distribution is the use of 
histograms. There are a number of empirical methods to determine the number of 
intervals in a histogram. One of these methods is (Sturges, 1926)
M = INT[ 1 +  3.3 LOG10(n) ] (3.2)
where n is the number of observations and the value of M calculated from Equation 3.2 
should be rounded off to the nearest integer of a real value. If M < 5, use M = 5; 
and if M > 10, use M = 10. For a 40-year record series, M is calculated to have a 
value of 6.
The computed annual maximum 24-hour rainfall series histograms for Stations 1, 5, 9, 
and 18 are plotted in Figures 3.15 through 3.18.
It is interpreted from Figures 3.15 through 3.18 that data from Stations 1 and 5 may 
be exponentially distributed, while data from Stations 9 and 18 may have some type of 
a skewed distribution. Again, it is not clear what distribution is more appropriate. 
Therefore, a more quantitative procedure based on a regional analysis to determine the 
underlying population distribution based on a combination of appropriate statistical 
parameters guided by climatological knowledge of atmospheric processes is needed. 
The synoptic weather patterns in Louisiana and a new procedure for identification of 
climatic regions are discussed in the following two sections.
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3.3 SYNOPTIC WEATHER PATTERNS IN LOUISIANA
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Louisiana’s statewide climate is traditionally classified as "humid subtropical," however 
within the state there are some distinct spatial variations in climate. The mean annual 
precipitation for Louisiana is shown in Figure 3.19. This map shows an annual 
precipitation pattern which increases from the northwest to the southeast comer of the 
state, with total annual precipitation ranging from 45 to about 60 inches.
The general increase in annual precipitation from north to south can be explained by 
the increase in precipitable water vapor by approaching the Gulf of Mexico. The 
increase in the gradient, which is represented by closely located isolines in Figure 3.19 
around the middle of the state, may be due to subtle topographic features.
Regionalization techniques should be a combination of appropriate statistical parameters 
guided by climatological knowledge of atmospheric processes. Rainfall events are 
produced by a specific set of atmospheric processes operating within the context of a 
larger scale synoptic atmospheric circulation pattern (Hirschboeck and Coxe, 1989). 
Several researchers have developed classification schemes to describe the typical 
patterns and processes that produce rainfall events. Typical synoptic upper and surface 
patterns which result in heavy rainfall in Louisiana have been developed by Johnson and 
others (1987). Effects of synoptic and meso-scale patterns on heavy rainfall events 
have also been studied by Belville and Stewart (1983) and Belville and Goetsch (1983).
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Muller (1977) and Muller and Faiers (1984) have discussed eight synoptic weather 
types for Louisiana. The four synoptic weather types of concern, which are most 
frequently associated with precipitation in Louisiana, are Frontal Gulf Return, Frontal 
Overrunning, Gulf Return, and Gulf Tropical Disturbance. A brief description of each 
weather type follows.
Frontal Gulf Return
This type of weather results when the return air on the back side of a surface high 
pressure system is affected by lifting and convergence along an approaching cold front 
from the northwest. This type develops in advance of, and along cold fronts and warm 
fronts. The winds are generally southerly and southwesterly, and hold moisture 
obtained from the Gulf of Mexico. The weather becomes increasingly turbulent and 
showery precipitation often results. The forceful lifting along the frontal boundaries 
lead to occasionally heavy precipitation events.
Frontal Overrunning
This type of weather occurs frequently when cold fronts become quasi-stationary along 
the Gulf Coast or over the northern or central Gulf of Mexico. "Waves" often develop 
along the front over the western Gulf and then sweep northeastward, bringing extensive 
cloudiness and precipitation. Frontal Overrunning weather is characterized by overcast 




This type of weather typically develops as a high pressure area moves off the Atlantic 
coast and allows the southerly flow to develop over Louisiana. Gulf Return weather 
generally has southerly winds, high humidity, partly cloudy skies, and scattered 
showers. Showers with Gulf Return weather are much more common in the summer, 
with afternoon surface heating.
Gulf Tropical Disturbance
This weather type involves tropical systems that develop over the Gulf of Mexico or 
the Caribbean Sea and drift east to west across the northern Gulf. These systems range 
from relatively weak easterly waves to occasionally severe hurricanes. This type of 
weather generally affects Louisiana in the summer and fall seasons, but may on 
occasion occur during late spring.
The majority of heavy precipitation events with the exception of some short duration 
precipitation events along coastal Louisiana are associated with frontal activities.
Front passages, the most dominating synoptic generating mechanism in Louisiana, are 
generally aligned in an east-west or northeast-southwest orientation across the state. 
Stationary fronts are often aligned along the coastline. Thunderstorms, including excess 
moisture from remnants of tropical storms and hurricanes, are responsible for heavy 
precipitation events in summer and fall. Regardless of the synoptic pattern, the distance 
from the Gulf of Mexico and its source of warm, moist air appears to be the main
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reason for much higher rainfall totals in the southern part of the state. This is also the 
region affected by tropical storm paths.
The frequency and pattern of occurrence of the different precipitation generating 
mechanisms will result in statistically climatic homogeneous regions. Therefore, 
analyses of statistical parameters of precipitation guided by available climatological 
knowledge of atmospheric processes can be used to identify climatologically 
homogeneous regions.
3.4 CLIMATIC HOMOGENEOUS REGIONS
Perhaps the most difficult task for regional frequency analysis is to identify a 
climatologically homogeneous region. Homogeneity refers to the condition that the data 
from all stations within a subregion, either as observed or after some transformation, 
have common statistical properties. Therefore, by definition, a climatologically 
homogeneous region is a region where the coefficients of variation (Cv) and skewness 
(Cs) for the underlying regional population is constant. The Cv which is calculated by 
dividing the standard deviation by the means, provides a measure of the relative 
variability of a series of annual maximum rainfall. However, statistics may only serve 
as a guideline for detecting possible erroneous assumptions in a homogeneous area. In 
reality, precipitation is a partially deterministic and partially random process. 
Therefore, the geographical and climatological conditions of a region should always be 
considered in the identification process.
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Some statistics for the 25 synthesized (representative) stations are given in Table 3.1. 
Schaefer (1990) developed a regionalization scheme using the Cv and the Cs as 
variables considering the state of Washington as a heterogeneous superregion. He 
developed two regression curves to explain the relationship between the Cv and the Cs 
and the mean annual precipitation. Hershfield (1981) also suggested that the statistic 
Cv is useful when analyzing extreme rainfalls for a particular duration because it 
displays a distinct geographical pattern, that to a large extent, transcends the 
fluctuations in the observed data which can be related to climatological classification.
However, the Cv and the Cs may be subject to large variabilities for samples from 
different rainfall durations. To show this variability, values of the Cv and the Cs were 
plotted against the station numbers for various durations. Since the stations are 
numbered from south to north, the station numbers are, in a way, some sort of 
geographical representation. Figure 3.20 clearly shows that the Cv and the Cs for 
rainfall durations of 1, 3, 6, 12, and 24 are highly variable and may not be appropriate 
for identification of homogeneous regions. The variability of Cv decreases as the 
rainfall duration is increased. The Cs demonstrates high variability among the stations. 
Even for the annual data the Cs varies from -0.498 to 0.987. This is because higher 
moments such as the Cs are less stable than lower moments such as the mean and the 
Cv. This is especially true for the at-site annual rainfall series for Louisiana which has 
a relatively flat topography.
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Schaefer (1990 and 1989) showed the applicability of his approach for regions that have 
a high variability in the Cv and the Cs and large variations of the MAP (7 to 200 inches 
for the state of Washington). However, for regions such as Louisiana with small 
variations of the Cv and the MAP values (42 to 64 inches) among the stations, a new 
approach to identify the subregions should be explored. Comparing values of the Cv 
between the states of Washington and Louisiana suggests that the state of Louisiana 
could be treated as one or two climatologically homogeneous regions, but it may be 
preferable to subdivide it into smaller subregions using criteria other than the Cv. Such 
further subdivision could be accomplished using the mean annual precipitation and the 
geographical location of the rain gauge stations.
From the Cv plot in Figure 3.20, we can see that the Cv does not change a great deal 
among the 25 synthesized stations for the annual data. The Cv values range from 0.176 
to 0.275 for the annual data. Considering the synoptic generating mechanisms, Front 
passages are responsible for extreme rainfalls in the north, whereas Gulf Tropical 
Disturbances contribute to more of the extreme rainfalls in the south. This explains the 
slight variations in the Cv as shown in Figure 3.20.
The approach suggested for Louisiana uses a combination of physical characteristics and 
analysis of statistical parameters. First, the regions are identified using their mean 
annual precipitation values (Figure 3.21). The mean annual precipitation has also been 
used by Schaefer (1990). Second, the variation of the Cv for stations within each
60
region was examined (Figure 3.20). This figure indicates that the variations of the Cv 
across Louisiana were small among the stations within each region. Third, the 
geographical locations of all stations in a region are expected to be within a continuous 
region for regions displaying such small variations of the Cv and the MAP. Finally, 
the synoptic generating mechanisms of weather patterns and recorded extreme values 
were used to confirm the homogeneity of the selected regions. Further verification of 
the homogeneous regions was accomplished by analyzing the recorded extreme rainfall 
values. The recorded extreme rainfall and the average of the top three recorded rainfall 
values were averaged for various durations. The result of this analysis are shown in 
Figures 3.23 and 3.24.
The overall results support the regionalization scheme of dividing the state into three 
climatologically homogeneous regions. The statistical approach discussed in this section 
as well as the synoptic generating mechanisms described in Section 3.3 support these 
homogeneous regions. These three homogeneous regions are shown in Figure 3.22, 
and are herein referred to as Coastal Region (I), Central Region (II), and Northern 
Region (III). The mean annual precipitation for Regions I, II, and III are 57.39, 50.84, 
and 43.77 inches, respectively. Because the annual precipitations and extreme 
precipitations may not always be well related, this regionalization scheme should be 
supported by analyses of statistical parameters of extreme rainfall as explained in the 
next chapter.
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Homogeneity implies that all stations in a subregion, for a given duration, have 
common Cv and Cs. When heterogeneity exists, it is usually exhibited in the site to 
site variability of the Cv. With this in mind, homogeneity may be examined using the 
observed at-site data and Monte Carlo simulations for regions that demonstrate high 
variability in the Cv and the Cs. However, a statistical significance test such as the 
direct comparison of the Cv or standard one-sided chi-square tests used by Schaefer 
(1990) or the H statistics used by Hosking and Wallis (1993), is of doubtful utility since 
even a moderately homogeneous region can provide quantile estimates of sufficient 
accuracy for practical purposes. Valid use of such tests also requires that assignment 
of sites to regions be based on external explanatory variables such as the physical 
characteristics or geographical location of sites (Hosking and Wallis, 1993). Therefore, 
use of such tests does not guarantee added advantage to the identification of 
homogeneous regions which display small variations of the Cv and the MAP.
It should be noted that some meso-scale patterns are not depicted in this study because
(1) only 25 stations were used to derive statewide patterns and (2) the data are grouped 
with respect to the three precipitation regions, not smaller meso- or micro-scale regions.
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TABLE 3.1
STATISTICS OF 25 SYNTHESIZED STATIONS
Mean Annual
Station No. Rainfall (in') Cv Cs Region
1 63.85 0.201 0.071
2 57.41 0.181 0.306
3 56.38 0.218 0.070
4 55.92 0.196 0.457
5 58.31 0.221 -0.498
6 57.26 0.207 0.413
7 55.59 0.268 0.093
8 57.32 0.186 -0.062
9 57.59 0.188 0.804
10 56.50 0.211 0.847
11 53.19 0.204 0.470
12 56.70 0.176 0.128
13 55.82 0.220 0.654
14 53.10 0.233 0.424
15 50.63 0.223 0.357
16 51.83 0.248 0.987
17 44.05 0.275 0.063
18 44.99 0.207 0.522
19 41.79 0.266 -0.398
20 44.26 0.262 0.503
21 51.40 0.232 0.576
22 48.01 0.269 0.459
23 49.27 0.237 0.177
24 47.52 0.225 -0.142
25 52.68 0.249 0.312
MILES
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3.5 CROSS-CORRELATION BETWEEN STATIONS IN THE HOMOGENEOUS
REGIONS
One way for improving the estimation of extreme events beyond the data set is the 
"substitution of space for time." This approach is very useful where the dynamic 
hydrological characteristics of the site of interest are similar to those of a broad 
geographic region. If differences and interdependencies are properly accounted for, this 
regional information can effectively increase the data base at the site. The magnitude 
of increase in the data base and the degree of reduction of estimation error will depend 
largely on the number, homogeneity, and degree of statistical independence among data 
records in the region.
The magnitude of cross-correlation provides a measure of the amount of independent 
information contained in the regional data relative to the station records. However, a 
strict interpolation of the physical meaning of the magnitude of cross-correlation is 
made difficult by several factors. One consideration is that the annual maximum series 
may be influenced by the type of storm generating mechanism which is predominant 
in a region. Another consideration is that the annual maximum series at neighboring 
stations are produced by different storms. Schaefer (1990) found the cross-correlation 
to be a function of both duration and distance between stations.
The reduction of cross-correlation coefficients with duration and distance for the 
Louisiana homogeneous regions are shown in Figures 3.25 through 3.27. In general, 
the cross-correlation coefficients seem to be smaller for shorter durations (three- and
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six-hour rainfall durations) in Region I. This likely reflects the more limited areal 
coverage of convective storm activities which typically produce short-duration extreme 
rainfalls. Conversely, the larger values of cross-correlation coefficients for Region II 
and for higher duration rainfall in Region I result from the larger areal coverage of 
frontal activities in these regions. Overall, small values of cross-correlation coefficients 
between the stations in each region shows that the station records are independent of 
each other.
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CHAPTER 4
SPATIAL AND TEMPORAL CHARACTERISTICS 
OF ANNUAL MAXIMUM PRECIPITATION
4.1 SPATIAL VARIATION OF 24-HOUR RAINFALL STATISTICS
Some stable statistics of rainfall data are expected to demonstrate a distinct spatial 
pattern which reflects the rainfall fluctuations in a region. For instance, the standard 
deviation values of a region where thunderstorms are the predominant rainfall activities 
are expected to be higher than a region where the frontal activities are predominant. 
The same fluctuations are also expected in other statistical moments. The mean, 
standard deviation (STD), coefficient of skewness (Cs), and coefficient of kurtosis (Ks) 
of the 24-hour rainfall series were computed and the parameter isolines were plotted to 
identify the spatial variation of rainfall data. Figures 4.1 through 4.4 represent these 
plots. The parameters were computed by the following equations.
n
Mean = (l/n)E X;
i = l
(4.1)
STD = [ E(xj - Mean)2 / (n-1) ]0 5 (4.2)
n






Ks = [ n2 E (Xj -Mean)4 ] / [ (n-l)(n-2)(n-3) STD4 ] (4.4)
i = 1
The problem of drawing isolines through a field of data is analogous in some respects 
to drawing regression lines through the data of a scatter diagram. Just as isolines can 
be drawn to fit every point on the map, an irregular regression line can be drawn to 
pass through every point; however, the complicated pattern in each case would be 
unrealistic in most instances. It was observed that the computed parameters often 
changed drastically from one station to another. Therefore, the following procedure 
was devised to make these drawings meaningful (Naghavi and Yu, 1991).
First, the means of each parameter was computed from each one-degree quadrangle of 
latitude and longitude to filter out possible random errors. The "initial" curves for each 
parameter at the five return periods were drawn based on these mean values. However, 
many other types of errors exist which may render the "initial" isolines unacceptable. 
As a result, the following rules were devised to improve the "initial" curves.
(1) If the parameter at a station in a one-degree quadrangle deviates from its mean by 
three standard deviations, that station is eliminated from the computed data set.
(2) If only one or two stations existed in a one-degree quadrangle, adjacent station
values were used to compute the mean.
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(3) If a station is located between two adjacent one-degree quadrangles, the parameters 
at that station were used in computations by both adjacent one-degree quadrangles.
(4) At the corner quadrangles where the trend of the isolines were unclear, nearby 
individual station values were given higher importance than average values.
(5) When the isolines changed drastically in a small local area, the curve was 
modified based on the nearby curve pattern, geographical and climatological 
conditions, or the reliability of the nearby station data. This was necessary to 
provide smooth transitions for the curves.
The mean of 24-hour annual maximum precipitation increases from 4 inches in the 
north to 5.5 inches in the south. The standard deviation (STD) plot indicates that (1) 
there is a region with low values of STD in the northwest comer, and (2) STD 
increases from north to south with the highest values at the southwest comer. The 
coefficient of skew and kurtosis plots, which represent higher moments that are less 
stable, behave slightly different but generally follow the same trend.
The 24-hour mean (Figure 4.1) increases from 4 inches in the north to 5.5 inches in the 
south. Considering the geographical position of stations and the isoline plots of 
statistical parameters (Figures 4.2-4.4), we can divide the state into four hypothetical 
regions of similar climatic characteristics — northwest, central, southwest, and
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southeast. However, since only a few stations are available in the southwest corner, 
these stations may be included with the rest of the stations in the southern coastal 
region.
The regionalization scheme using the statistical parameters supports the one previously 
given in Chapter 3 and shows that these parameters can be used to identify 
homogeneous climatic regions. The statistics such as standard deviation and coefficient 
of variation are useful when analyzing a distinct geographical pattern. To a large 
extent, they transcend the normal sampling fluctuations and can be related to 
climatological factors on a broad scale.
The final divisional scheme, therefore, would be a coastal region in the south (Region 
I), a central region (Region II), and a region in the northwest comer (Region III), as 
shown in Figure 3.22. The statistical approach to regionalization as discussed in this 
section is supported by the synoptic weather patterns described in Section 3.3, and the 
statistics of the synoptic generating mechanisms support the homogeneous regions.
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Figure 4 .4  24-Hour Ks
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4.2 RAINFALL FREQUENCY-RELATED SPATIAL CHARACTERISTICS
The question often raised in rainfall frequency analysis is "are the distribution and its 
parameters acceptable when going from point data to areal depths data?". To 
investigate the spatial characteristics of rainfall, data from the three groups of stations 
in regions of similar climatic conditions, as defined previously, were used. These 
stations are shown in Figure 4.5. The first group of stations consisted of 12 stations 
(4, 1, 2, 3, 5, 6, 7, 8, 9, 10, 12, and 13) which are all located in climatic Region I. 
The second group consisted of 15 stations (22, 23, 21, 14, 20, 16, 15, 24, 25, 12, 13, 
18, 19, 11, and 17). This group combines climatic Regions II and III as well as two 
stations that were located on the boundary of Regions I and II (12 and 13). The third 
group of stations consisted of 10 stations (18, 19, 20, 16, 17, 21, 15, 22, 14, 11) which 
are in climatic Region III and some stations form Region II. The underlined station are 
the hypothetical centers for each group of stations. These groups are based primarily 
on the three climatic regions determined previously and the geographical location of 
stations. These groups of stations extend from one region to another to show the 
effects on statistical parameters when the regional boundaries are crossed.
Statistical moments of annual maximum series were averaged and plotted for a number 
of stations versus distance for eight rainfall durations. Figure 4.6 through 4.9 
represents the results for the first group, Figures 4.10 through 4.13 for the second 
group, and Figures 4.14 through 4.17 for the third group.
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The mean and standard deviation (STD) in the first group increases as the duration is 
increased. The STD values for durations of 48 and larger approach the same values. 
This is expected since the statistics of larger durations are expected to be more stable. 
The average mean and STD values seem to be relatively stable and remain 
approximately constant as the spatial domain is increased. The Cs and the Ks values 
seem to converge up to the radius of 80 miles and then a sudden jump is observed for 
both parameters. This jump is probably caused by inclusion of the two stations in the 
southwest corner which may belong to a separate homogeneous region. This again 
suggests that the stations in the southwest comer may be from a different climatological 
region which may include parts of Texas. Overall, the lower moments, such as the 
mean and the standard deviation, seem to be more stable than higher ones such as the 
Cs and the Cv.
All statistical parameters for the second group increase up to a radius of 40 miles then 
stabilize as the spatial domain is increased with the Cs and the Ks converging around 
the radius of 100 miles. The reason for this stabilization could be the inclusion of the 
stations in Region III (see Figure 3.22) around the 40-mile-radius — the stations in 
Region III have very low values of statistical parameters. The convergence of the Cv 
and the Cs is around a 100-mile-radius which includes several stations from Regions 
I and II averaged with stations in Region II.
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The parameters for the third group show an increase in all parameters after a radius of 
45, miles which is the boundary between Regions II and III. The Cs and the Cv values 
converge around a 90-mile radius which includes several stations in Region II.
The mean and the STD values are also reduced systematically from Region I to Region 
III. The mean and the STD increase in all three regions as the duration is increased 
with the STD approaching the same values for durations of 48 hours and larger. Also, 
the mean and the STD seem to be very stable compared to the Cv and the Cs. Overall, 
Figures 4.6 through 4.17 support the preliminary regionalization proposed earlier in the 
chapter and suggest the use of lower moments (which are less sensitive to the extent of 
the spatial domain) in regional statistical analysis.
Histograms of 1, 6, and 24 hour annual maximum rainfall were plotted for the stations 
in Region I to investigate the change in frequency distribution as spatial domain 
increases. These histograms are shown in Figures 4.18 through 4.20. It appears that 
for durations of less than 24 hours the variance decreases as the spatial domain is 
increased with the distribution assuming a normal shape. However, this does not seem 
to be true for the 24-hour duration. Histograms for the stations in other regions follow 
the same trends. This means that no single distribution may explain all various types 
of data. This also shows the need for identifying a flexible frequency distribution 
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4.3 TEMPORAL VARIATION OF RAINFALL DATA
To investigate the temporal variation of rainfall, the statistical parameters of 24-hour 
annual maximum series were plotted versus duration for six stations. These plots are 
shown in Figures 4.21 through 4.24. These plots show that the statistics become stable 
for durations of 24 hours and longer. This may be because of the fact that shorter 
duration precipitations may be from a mixture of synoptic generating mechanism, 
whereas the longer duration precipitations are primarily generated by frontal activities. 
These figures also show that the lower moments are more stable than higher ones such 
as the Cs and the Ks.
4.4 RAINFALL FREQUENCY-RELATED TEMPORAL CHARACTERISTICS 
The temporal characteristics of rainfall were investigated by plotting the histograms of 
maximum 1-, 12-, 24-, and 48-hour precipitation for Stations 2, 11, and 18 (Figures 
4.25 through 4.27). The number of intervals for drawing a histogram was calculated 
by using Equation 3.2. If M < 8, use M = 8; and if M >15, use M = 15.
These results again indicate that all distributions shown in Figures 4.25 through 4.27 
are skewed bell-shape curves. Histograms of other stations also follow the same 
pattern. The 1-hour rainfall histograms probably represent the distribution for 
thunderstorms (Gulf Return and Gulf Tropical Disturbances), whereas the 24-hour 
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CHAPTERS
REGIONAL RAINFALL FREQUENCY ANALYSIS
5.1 REGIONAL FREQUENCY ANALYSIS
A common problem in many aspects of various engineering disciplines is that of 
estimating the return of rare geophysical events such as extreme floods and 
precipitations for a site or group of sites. Regional frequency analysis uses data from 
several sites to estimate the frequency distribution of the observed data at each site.
Most regional frequency relations are presented in forms of isohyetal maps which are 
useful and familiar to most users. However, this approach is susceptible to 
considerable subjectivity and sampling errors. Frequency relationships in both space 
and time, which are derived for at-site data, will not provide best estimates for spatial 
depth-duration values. Therefore, some kind of regional method which will be flexible 
enough to account for differences in space and time is needed.
In this proposed regional approach, the state is divided into regions of homogeneous 
climates with respect to statistical parameters, geographical location of rain gauges, and 
the knowledge of atmospheric processes. Then, average relations for each division is
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developed. Even though this technique does not eliminate the potential sampling errors 
in the data, it reduces their effect in regions of similar precipitation climate.
5.2 REGIONAL DISTRIBUTION IDENTIFICATION AND PARAMETER 
ESTIMATION
In the previous chapter, we showed the need for a flexible frequency technique that may 
account for most types of rainfall data with respect to temporal and spatial variations. 
One of the most popular regional flood frequency techniques is the index method. Greis 
and Wood (1981) recommended an indexing method with the GEV as the base 
distribution and PWMs as the parameter estimation method. In the index method, an 
assumed distribution is fitted to the observed extreme series at each site in an assumed 
homogeneous region. The statistics (or PWMs) of the distributions at each station are 
then standardized by dividing them by the at-site mean. As is the case in the classical 
method of moments, estimates are obtained by equating sample PWMs to population 
PWMs as defined by Hosking (1986). Regional estimates of the PWM’s are obtained 
by using a weighted averaging technique for the region. Then regional parameters are 
obtained by using the estimated average PWM’s. The regional parameters are used to 
generate the dimensionless quantiles for the assumed homogeneous region. Finally, 
quantiles at each station in that region are computed by multiplying the regional 
quantiles by the station mean. The PWM method has been applied to the GEV by 
Hosking, et al. (1985) and Schaefer(1990), and is the recommended procedure for flood
frequency analysis in the United Kingdom. We will use this procedure for regional 
frequency analysis of precipitation in Louisiana.
Wallis (1989) and Hosking (1990) developed a procedure to identify the regional 
frequency distribution using L-moment ratios. An L-moment ratio is the ratio of the 
r-th L-moment (r >  3) to the second L-moment. It has been shown by Wallis (1989), 
Hosking (1990), as well as Schaefer (1990), that using L-moment ratios to identify 
regional frequency distribution is an appropriate method for three-parameter 
distributions such as the GEV. The temporal and spatial histograms developed in the 
previous chapter suggest that the GEV would be an appropriate regional distribution for 
most types of rainfall data.
The GEV distribution is defined in inverse form as
z(F) = t  + a{ l - [ - LN{ F) ] k } / k  , k *  0 (51)
. Z-a{LN\-LN{F)}} , k — 0
where £, a  and k are the location, scale, and shape parameters, respectively, and F is 
the cumulative probability. When k = 0, the GEV reduces to extreme value type 1 
distribution (EV1); when k < 0, the GEV becomes EV2 distribution; and when k > 
0, GEV becomes EV3 distribution. The GEV is a flexible distribution and can assume 
many shapes as shown in Figures 5.1 and 5.2. Comparing the temporal and spatial
histograms presented in Chapter 4 supports the use of this distribution for rainfall 
regional frequency analysis. Also, superior predictive and descriptive capabilities of 
this distribution as shown by Potter and Lettenmaier (1990) and Naghavi et al. (1989) 
makes this distribution a likely candidate for our regional analysis.
The mean, variance, and coefficient of skewness for the GEV distribution are 
(Schaefer, 1990)
Hx = f + a (1 - n j / k (5.2)
a \  =  a 2 (fl2 - 0 1) I k 2 (5.3)
k (n3 - 3 n2n 1 + 2 n j )
(5.4 )
where flr = T(1 +rk), r = 1,2,3. The three parameters (dimensionless) for the regional 
(or any) GEV distribution can be estimated by the PWM method (Hosking, 1985).
100
(5.6)
it =  7.8590 C  + 2.955A C 1 (5.7)
where
m qr ~ 2 M i R




T(.) is the Gamma function, and M(k)R is the standardized and weighted (by the number 








ni A: = 0, 1, 2. (5.9)
where m is the number of observation stations in a homogeneous region, nj is the 
number of observations at station j, and
jg  i  T M i i y .  ,  5 * = o , i , 2 . . .  (5.io)
" fci (n-l)(»-2)...(»-*)
is the unbiased PWM from the observed samples.
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Wallis (1989) and Hosking (1990) have derived the first two L-moments and the two 
frequently used L-moment ratios r3 and r4 for eleven distributions. The relationships 
between the first four L-moments and the PWMs are (Wallis, 1989)
h  = Mo (5.11)
(5.12)
(5.13)
L a =  Mq -1 2  + 30 M2 - 20 M3 (5.14)
The r-th L-moment ratio is defined as
Tl. =
k = 2
fc =  3 , 4 , 5
(5.15)
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To identify the underlying regional distribution, Hosking (1989) and Wallis (1989) 
suggested drawing the L-moment ratio curves, t3 versus r4, for different distributions
A  A
in the same figure, then drawing the sample values of r3 and t4 for the extreme value 
series for each homogeneous region. The curve that best fits the sample points is
A  A
selected as the underlying distribution. The sample L-moment ratios, r3 and r4, are 
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For instance, r3R and t4R are computed as
r3R  ~










In this study, extreme rainfall series from three homogeneous regions and five rainfall 
durations are used to identify the regional distribution. As shown in Figure 5.3, the 
GEV distribution is the best one to represent the underlying distribution. Computed 
results showed that Equation 5.10 yielded better distributional fits to the observed data 
in the distribution identification procedure than the equation given by Schaefer (1990) 
as
e- 0.35
n  J k - 0 , 1, 2 , .
(5 .19)
i = l
L-moments for the distributions used in analysis are given in Hosking (1990).
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5.3 OUANTILE GENERATION
Once the regional parameters are estimated by using Equations (5.5), (5.6), and (5.7), 
the at-site quantiles, for a given cumulative probability F, can be generated by using 
Equation (5.1). The at-site quantiles are obtained by multiplying the regional quantiles 
by the at-site mean. The predicted quantiles for all 25 representative stations in the 
three regions for 2-, 10-, 25-, 50-, and 100-year return periods and for 1-, 3-, 6-, 12-, 
and 24-hour rainfall durations are given in Tables A.3 through A.27 in the Appendix. 
The corresponding values from TP-40, at-site LP3/MOM, and the new Louisiana 
rainfall maps (24-hour rainfall only) (Naghavi et al., 1991) are also shown on these 25 
tables. The LP3/MOM was also used in the development of the new Louisiana rainfall 
maps. It should be noted that TP-40, on the average, over predicts quantiles for 
smaller return periods and under predicts quantiles for larger return periods. This is 
because the Gumbel distribution which was used in the development of TP-40 maps 
underestimates the quantiles on the right tail of the distribution.
5.4 COMPARATIVE ANALYSES WITH OTHER METHODS
In a previous at-site rainfall frequency study (Naghavi, et al., 1991), five distributions 
(Log-Pearson Type 3, two-parameter log normal, three-parameter log normal, Pearson 
Type 3 and Extreme Value Type 1) and three parameter estimation methods (maximum 
likelihood, method of moments, and Principle of Maximum Entropy) were evaluated 
using rainfall data from the 25 synthesized stations in Louisiana. The comparison 
among these distributions and estimation methods showed that the Log-Pearson Type
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3 with the method of moments (LP3/MOM) provides the best fit for the 24-hour rainfall 
duration. For the purpose of comparison in this regional study, the 24-hour quantiles 
(for the recurrence periods of 2-, 10-, 25-, 50-, and 100-years) computed by the 
LP3/MOM were assumed to give the best possible distributional fit for the observed 
data. Therefore, the quantiles obtained from the three regional procedures, the new 
Louisiana rainfall maps (Naghavi et al., 1991), the TP-40 maps, and the procedure 
described in this study, are compared to the LP3/MOM generated quantiles for the 25 
representative stations.
The comparison was based upon descriptive performance indices of relative mean 








where iij is the number of stations at region j, xc(i) and xLP3(i) are the quantiles obtained 
from a regional procedure and the LP3/MOM, respectively, for a given return period 
and rainfall duration.
Table 5.1 shows the average RMSE and BIAS values by the three methods for the 25 
stations for five return periods. The average RMSE of the GEV/PWM is 68 percent 
smaller than the TP-40 and 30 percent smaller than the new Louisiana maps. The 
average BIAS of the GEV/PWM is 90 percent smaller than the TP-40 and 65 percent 
smaller than the new Louisiana rainfall maps. From these results, the indexed 
GEV/PWM appears to be the superior method based on descriptive characteristics. 
This, coupled with the findings of Potter and Lettemnaier (1990), which suggest that 
the GEV possesses predictive characteristics superior to other methods, makes this 
method a viable option for regional rainfall frequency analysis. Naghavi et al.(1989) 
also found this method to possess superior descriptive characteristics for regional flood 
frequency analysis.
The predicted quantiles using the LP3/MOM and the GEV/PWM were also compared 
with the observed extreme rainfall series for a 24-hour duration using the performance 
indices of RMSE and BIAS. Table 5.2 lists the average RMSE and BIAS values for the 
25 stations in the three homogeneous regions. Average RMSE of the GEV/PWM for 
all three regions is slightly higher than that of the LP3/MOM, with the lowest 
difference for Region I. The average BIAS of the GEV/PWM for all three regions is
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considerably lower than that of LP3/MOM. Therefore, the performance of the 
GEV/PWM regional procedure is comparable to the LP3/MOM, which is considered 
the best possible distributional fit for the data used in this study. It should be noted that 
LP3 does not lend itself to regional analysis and even though it can interpolate the data 
well, it may not perform well for prediction.
The computed quantiles from the GEV/PWM are also compared with TP-40 for 1-, 3-, 
6-, and 12-hour rainfall durations and for 2-, 10-, 25-, 50-, and 100-year return 
periods. The quantiles computed from both the GEV/PWM and TP-40 are compared 
to the LP3/MOM quantiles that are assumed to give the best fit to the observed data. 
Table 5.3 shows the average RMSE and BIAS of the 25 stations for the four rainfall 
durations and five return periods. The average RMSE and BIAS of the GEV/PWM are 
76 percent and 94 percent smaller than that of TP-40, respectively, for the 1-hour 
rainfall duration; 57 percent and 83 percent smaller for the 3-hour duration; 53 percent 
and 80 percent smaller for the 6-hour duration; and 61 percent and 83 percent smaller 
for the 12-hour duration. No comparison was made with the new Louisiana Rainfall 
Maps for the 1-, 3-, 6- and 12-hour durations since these maps do not contain quantiles 
for the four rainfall durations.
The computed quantiles from the LP3/MOM and the GEV/PWM for the durations of 
1, 3, 6, and 12 hours are also compared with the observed extreme rainfall series of 
the 25 synthesized stations. The average RMSE and BIAS for the four durations are
110
given in Table 5.4. The average RMSE of the LP3/MOM is generally smaller than that 
of the GEV/PWM. This is because the LP3/MOM estimates the parameters of the 
Log-Pearson Type 3 distribution by fitting each station data, whereas, the GEV/PWM 
estimates the parameters of the regional GEV distribution by fitting all station data in 
a homogeneous region. Nevertheless, the average BIAS of the GEV/PWM is smaller 
than that of the LP3/MOM for all durations. On the average, the RMSE of the 
LP3/MOM for the four rainfall durations is 44 percent smaller than that of the 
GEV/PWM. Conversely, the BIAS of the GEV/PWM is 71 percent smaller than that 
of the LP3/MOM.
5.5 EXTENSION TO UNGAUGED SITES
The procedure described above can be extended to the case of ungauged sites by 
multiplying the dimensionless regional quantiles by the regional mean precipitation 
values. The station mean values demonstrate a small variation within each region, 
therefore, the weighted average regional quantiles can be used as the representative 
quantile for each climatologically homogeneous region. The regional quantiles, 
obtained from multiplying the dimensionless regional quantile by the mean precipitation 
in the region, together with corresponding standard deviations, are given in Table 5.5.
I l l
TABLE 5.1
COMPARISON OF THE THREE REGIONAL METHODS WITH LP3/MOM
FOR 24-HOUR QUANTILES
----------- Average RMSE---------------   Average BIAS---------------
:etum Period TP-40 New LA Mans GEV TP-40 New LA Maps GEV
2 Years 4.035 0.393 0.372 17.270 0.814 1.256
10 Years 2.560 0.545 0.173 10.760 0.822 -0.020
25 Years 2.348 1.110 0.686 5.803 1.211 0.203
50 Years 2.781 1.902 1.393 2.281 3.501 0.879
100 Years 3.773 3.237 2.411 1.764 4.551 1.542
Average: 3.099 1.437 1.007 7.576 2.180 0.772
TABLE 5.2





I 0.42 0.40 0.16 0.12
II 0.62 0.34 -0.01 0.02
III 0.70 0.43 -0.04 0.33
Average: 0.58 0.39 0.04 0.16
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TABLE 5.3
COMPARISON OF TWO REGIONAL METHODS WITH LP3/MOM FOR 
ONE TO TWELVE HOUR QUANTILES
Return
Period

























Average 5.99 1.45 17.22 0.96





















Average 2.73 1.17 6.38 1.08





















Average 2.29 1.07 4.31 0.85





















Average 2.90 1.13 5.59 0.93
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TABLE 5.4























Average 0.241 0.421 0.211 -0.098
















Average 0.270 0.560 0.063 -0.048
















Average 0.333 0.539 0.085 0.012
















Average 0.339 0.580 0.102 -0.002
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TABLE 5.5
REGIONAL QUANTILES (RQ) (INCHES) WITH CORRESPONDING 
STANDARD DEVIATIONS (STD)
Return Duration Region I Region II Region III
Period (Hour) RO STD RO STD RO STD
1 1.91 0.10 1.59 0.11 1.53 0.07
3 2.87 0.16 2.38 0.18 2.27 0.20
2 6 3.43 0.17 2.91 0.23 2.76 0.23
12 4.08 0.24 3.51 0.28 3.18 0.22
24 4.72 0.27 3.98 0.30 3.59 0.27
1 2.76 0.14 2.45 0.16 2.23 0.10
3 4.38 0.24 3.74 0.28 3.53 0.31
10 6 5.44 0.27 4.73 0.37 4.36 0.36
12 6.63 0.40 5.69 0.46 5.06 0.35
24 7.78 0.45 6.43 0.49 5.74 0.44
1 3.18 0.16 2.97 0.20 2.55 0.12
3 5.19 0.28 4.60 0.35 4.21 0.37
25 6 6.60 0.33 5.86 0.46 5.27 0.43
12 8.17 0.49 6.99 0.57 6.11 0.42
24 9.58 0.55 7.91 0.61 6.97 0.53
1 3.49 0.18 3.41 0.23 2.76 0.13
3 5.81 0.31 5.34 0.40 4.73 0.42
50 6 7.54 0.38 6.81 0.54 5.99 0.49
12 9.43 0.56 8.06 0.65 6.94 0.48
24 11.03 0.64 9.12 0.70 7.94 0.61
1 3.79 0.19 3.89 0.26 2.97 0.14
3 6.46 0.35 6.16 0.46 5.26 0.47
100 6 8.53 0.42 7.86 0.62 6.75 0.55
12 10.81 0.65 9.22 0.75 7.81 0.54
24 12.59 0.73 10.43 0.80 8.97 0.69
5.6 SPATIAL VALIDITY OF REGIONS
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It is clearly desirable to relax the requirement of strict homogeneity so that the area of 
the region can be maximized. However, this should not be done at the expense of the 
accuracy of quantile estimates. In order to test the spatial validity of the regions, the 
entire state of Louisiana was assumed as one region and the regional quantiles were 
generated for this region using the same procedure described in Section 5.3.
The following equation was then used to compare these regional quantiles and the 
standard deviations with the regional quantiles given in Table 5.5.
lOofXjr-Xp 
% Difference = ----------------
X R
Where Xr and XR are the corresponding values of quantiles and standard deviation for 
the multiple-region and the single-region schemes, respectively. The results in percent 
difference between the two approaches are given in Table 5.6. This table shows that 
using a single region instead of the proposed three regions, will underestimate the 
quantiles for Region I, overestimate for Region III, and will have minimal effect on 
Region II quantiles. The standard deviation, however, is significantly increased when 
a single region is used in place of the proposed three subregions. Therefore, the spatial 




PERCENT DIFFERENCE BETWEEN REGIONAL QUANTILES (RQ) AND 






% RO % STD
Region II 
% RO % STD
Region III 
% RO % STD
1 10 -44 -8 -39 -12 -61
3 10 -47 -8 -40 -13 -33
2 6 10 -50 -7 -32 -12 -32
12 9 -47 -6 -38 -15 -51
24 10 -51 -7 -45 -16 -51
1 7 -48 -5 -41 -13 -63
3 9 -48 -7 -39 -12 -33
10 6 9 -51 -6 -33 -13 -35
12 10 -44 -6 -36 -16 -51
24 12 -49 -8 -45 -18 -51
1 6 -50 -1 -38 -15 -63
3 7 -49 -5 -36 -13 -33
25 6 8 -51 -4 -31 -14 -36
12 10 -45 -6 -36 -18 -53
24 12 -50 -7 -44 -18 -51
1 4 -49 2 -34 -18 -63
3 6 -51 -3 -37 -14 -33
50 6 7 -51 -3 -30 -15 -36
12 11 -45 -6 -36 -19 -53
24 12 -49 -7 -44 -19 -52
1 3 -51 5 -33 -20 -64
3 5 -50 0 -34 -15 -33
100 6 6 -52 -2 -29 -16 -37
12 11 -44 -5 -35 -20 -53
24 12 -49 -7 -44 -20 -52
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5.7 REGIONAL INTENSITY-DURATION-FREOUENCY CURVES
The rainfall intensity-duration-frequency (I-D-F) curves are essential tools for design 
and evaluation of hydraulic structures when a rainfall-runoff model is used. For any 
rainfall duration and return period (or probability), one can obtain the corresponding 
rainfall intensity (inches/hour) from the I-D-F curves. In this regional study, the I-D-F 
curves or models were developed for the three climatological regions from the rainfall- 
intensity quantiles generated using the regional GEV distribution and the parameter 
estimation method of the probability weighted moments.
At each synthesized station, the 1-, 3-, 6-, 12-, 24-hour quantiles for five return periods 
(T = 2, 10, 25, 50, and 100 years). The corresponding rainfall-intensity quantiles for 
the above five durations and given return periods were also generated by dividing the 
quantiles by their corresponding durations. With these computed regional rainfall- 
intensity quantiles for the five durations at each region for each return period, a model 
was fitted using a non-linear least squares method. The SAS (1989) non-linear 
regression routine was used to fit a model to the computed quantiles. Several models 
were tested and the following three-parameter non-linear model was selected.
I = a (D + b)c (5.23)
where a, b and c are three constant parameters, I is the rainfall intensity (inches/hour) 
for a given return period and D is the rainfall duration (hours). The estimated 
parameters for the five return periods and three regions are given in Table 5.7.
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Figures 5.4, 5.5, and 5.6 show the I-D-F curves fitted to the values computed from the 




REGIONAL PARAMETERS FOR THE I-D-F CURVES 
Return Period a b __
2 2.645 0.495 -0.815
10 3.907 0.564 -0.775
Region I 25 4.563 0.613 -0.754
50 5.100 0.670 -0.741
100 5.640 0.730 -0.728
2 2.076 0.401 -0.783
10 3.214 0.431 -0.763
Region II 25 4.071 0.506 -0.772
50 4.874 0.579 -0.784
100 5.844 0.665 -0.799
2 2.134 0.493 -0.826
10 3.596 0.762 -0.841
Region III 25 4.623 1.003 -0.858
50 5.570 1.231 -0.874
100 6.807 1.525 -0.897
10  15
Duration (hour)
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Figure 5 .6  I-D-F Curves for Region III
CHAPTER 6
CONCLUSIONS
This study successfully applies a new procedure for the preparation and 
examination of rainfall data to provide records for reliable statistical analysis.
A study of temporal and spatial characteristics of rainfall provided the 
information on how the distributions varied spatially and temporally. Such 
information may be very useful in the selection of a distribution for hydrologic 
studies. Based on the at-site and frequency-related spatial and temporal 
characteristics of rainfall data, no single distribution explains all various types 
of data.
The application of flood frequency techniques such as the index-flood procedure 
are extended to regional rainfall frequency analysis by methods proposed in this 
study.
This study introduces a new concept in climatic regionalization and proposes a 
methodology which could be used to identify climatologically homogeneous 
regions. It appears that using a combination of appropriate statistical parameters 
guided by climatological knowledge of atmospheric processes gives the best
results. The parameter isolines, developed in this study, support the 
regionalization, and also offer an alternative for computing quantiles at sites 
where precipitation data are not available.
Comparing the temporal and spatial histograms to the various shapes that the 
GEV distribution is capable of assuming strongly suggests the use of this 
distribution for regional analysis of rainfall data. The GEV was also identified 
as the best distribution to represent the underlying distribution by using L- 
moment ratios. The indexing procedure combined with the use of lower 
moments which are more stable statistical parameters makes the indexed 
GEV/PWM a robust procedure.
The average RMSE of the GEV/PWM is 68 percent smaller than the TP-40 and 
30 percent smaller than the new Louisiana maps. The average BIAS of the 
GEV/PWM is 90 percent smaller than the TP-40 and 65 percent smaller than 
the new Louisiana rainfall maps. From these results, the indexed GEV/PWM 
appears to be the superior method based on descriptive characteristics. This 
coupled with the findings of Potter and Lettenmaier (1990), which suggest that 
the GEV possesses characteristics superior to other methods, makes this method 
a viable option for regional rainfall frequency analysis.
The predicted quantiles using the LP3/M0M and the GEV/PWM were also 
compared with the observed extreme rainfall series for a 24-hour duration using 
the performance indices of RMSE and BIAS. The average RMSE of the 
GEV/PWM for all three regions is slightly higher than that of the LP3/MOM, 
with the lowest difference for Region I. The average BIAS of the GEV/PWM 
for all three regions is considerably lower than that of the LP3/MOM. 
Therefore, the performance of the GEV/PWM regional procedure is 
comparable to the LP3/MOM, which is considered the best possible 
distributional fit for the data used in this study.
The computed quantiles from the GEV/PWM are also compared with TP-40 for 
1-, 3-, 6-, and 12-hour rainfall durations and for 2-, 10-, 25-, 50-, and 100-year 
return periods. The quantiles computed from both the GEV/PWM and TP-40 
are compared to the LP3/MOM quantiles that are assumed to give the best fit 
to the observed data. The average RMSE and BIAS of the GEV/PWM are 76 
percent and 94 percent smaller than that of TP-40, respectively, for the 1-hour 
rainfall duration; 57 percent and 83 percent smaller for the 3-hour duration; 53 
percent and 80 percent smaller for the 6-hour duration; and 61 percent and 83 
percent smaller for the 12-hour duration. No comparison was made with the 
new Louisiana Rainfall Maps for the 1-, 3-, 6- and 12-hour durations since these 
maps do not contain quantiles for the four rainfall durations.
The computed quantiles from the LP3/MOM and the GEV/PWM for the 
durations of 1, 3, 6, and 12 hours are also compared with the observed extreme 
rainfall series of the 25 synthesized stations. The average RMSE of the 
LP3/MOM is generally smaller than that of the GEV/PWM. This is because 
the LP3/MOM estimates the parameters of the Log-Pearson Type 3 distribution 
by fitting each station data, whereas the GEV/PWM estimates the parameters 
of the regional GEV distribution by fitting all station data in a homogeneous 
region. Nevertheless, the average BIAS of the GEV/PWM is smaller than that 
of the LP3/MOM for all durations. On the average, the RMSE of the 
LP3/MOM for the four rainfall durations is 44 percent smaller than that of the 
GEV/PWM. Conversely, the BIAS of the GEV/PWM is 71 percent smaller 
than that of the LP3/MOM.
The overall results of this study show that the generalized extreme value 
distribution fitted by the method of probability weighted moments describe the 
annual rainfall series in Louisiana better than TP-40 and the new Louisiana 
rainfall maps. The performance of the regional GEV/PWM is also comparable 
to the at-site LP3/MOM, which is the best possible distributional fit for the data 
used in this study. The new detailed regional procedure of rainfall data 
compilation, identification of homogeneous regions, identification of the 
frequency distribution, regional parameter estimation, and regional quantile 
prediction may be quite useful for other regional frequency studies.
The proposed regional procedure provides the engineers and the hydrologists 
with the best regional rainfall estimates for the state of Louisiana. It should be 
noted, however, that the predicted regional quantiles may not be applied outside 
the physical bounds of the region from which they were calculated.
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RAIN GAUGES IN LOUISIANA
COORDINATES RECORD YEARS OF
LAT LONG PERIOD RECORD
(deg. min.) (year/month/day)
30 29 90 02 47/10/01 - 65/11/30 19
31 19 92 28 48/08/01 - 87/11/27 40
31 24 92 18 60/03/01 - 77/06/29 18
30 49 91 42 47/10/01 - 68/12/30 22
30 32 91 08 47/10/01 - 87/11/27 41
30 26 91 10 47/11/01 - 48/12/31 02
32 48 92 38 47/10/01 - 65/09/30 19
32 23 94 03 63/07/01 - 70/04/30 08
29 20 89 24 65/02/01 - 87/11/17 23
30 57 92 10 77/01/01 - 87/11/27 11
28 58 89 23 47/10/01 - 65/02/28 19
32 31 92 20 68/04/01 - 87/11/27 20
29 52 92 51 51/05/01 - 66/11/27 16
30 52 91 01 54/06/01 - 74/07/30 21
30 53 91 01 47/10/01 - 54/05/31 08
30 48 90 58 74/07/01 - 87/11/30 14
32 08 92 05 47/10/01 - 51/10/10 05
32 56 92 46 47/10/01 - 49/01/31 03
32 01 93 20 54/11/01 - 66/12/31 13
30 32 90 07 69/06/01 - 83/12/29 15
32 15 91 35 47/10/01 - 56/08/31 10
32 42 91 27 47/10/01 - 66/06/29 20
32 06 92 35 47/10/01 - 54/07/31 08
32 06 92 46 54/09/01 - 56/11/30 03
32 37 91 34 66/09/01 - 87/01/31 22
31 02 92 31 55/05/01 - 67/11/30 13
30 18 90 48 47/10/01 - 69/09/19 23
30 58 92 35 47/10/01 - 55/05/31 09
30 14 90 54 69/10/01 - 82/01/31 14
29 14 90 00 47/10/01 - 83/06/30 37
30 30 90 22 83/12/01 - 87/11/28 05
31 47 91 49 47/10/01 - 72/04/30 26
31 26 92 14 47/10/01 - 58/11/28 12
32 07 93 14 47/10/01 - 52/03/31 06
32 45 93 04 51/07/01 - 55/07/31 05
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TABLE A .l (continued)
RAIN GAUGES IN LOUISIANA
STATION COORDINATES RECORD YEARS OF
NO. LAT LONG PERIOD RECORD
(deg. min.) (year/month/day)
4410 29 35 90 44 47/10/01 - 54/06/30 08
4453 31 59 93 50 47/10/01 - 55/07/31 09
4696 31 40 92 12 86/02/01 - 87/11/28 02
4700 30 12 92 40 69/11/01 - 87/11/27 19
4702 30 15 92 40 73/04/01 - 75/12/30 03
4739 31 29 91 51 72/04/01 - 87/11/27 16
4816 32 21 93 50 48/03/08 - 73/12/31 26
5021 30 12 92 02 52/03/01 - 87/11/27 36
5026 30 12 91 59 47/10/01 - 52/03/31 06
5065 30 00 92 48 47/10/01 - 69/09/30 23
5077 30 13 93 09 47/10/01 - 61/12/26 15
5078 30 07 93 13 61/01/01 - 87/11/27 26
5266 31 09 93 16 47/10/01 - 87/11/28 41
5335 30 58 91 43 47/10/01 - 68/12/30 22
5527 31 59 93 57 55/07/01 - 87/11/30 33
5620 30 22 91 10 82/05/01 - 87/11/27 06
5890 31 34 93 29 47/10/01 - 57/11/30 11
5935 32 05 93 13 52/03/01 - 85/05/31 34
6244 32 35 93 17 64/03/01 - 87/11/30 24
6245 32 37 93 17 60/03/01 - 64/03/31 05
6246 32 41 93 18 47/11/01 - 60/03/31 14
6303 32 31 92 03 47/10/01 - 52/02/29 06
6305 32 28 92 07 52/02/01 - 72/05/31 21
6310 32 33 92 04 72/05/01 - 77/07/31 06
6314 32 32 92 04 77/07/01 - 87/11/27 11
6324 31 40 92 54 47/10/01 - 68/06/26 22
6394 29 41 91 11 47/10/01 - 87/11/28 41
6582 31 46 93 05 68/07/01 - 87/11/27 20
6659 29 57 90 04 47/10/01 - 61/12/31 15
6660 29 59 90 15 54/01/01 - 87/11/28 34
6664 29 55 90 08 62/01/01 - 87/11/29 26
6962 31 00 91 40 69/01/01 - 87/11/27 19
6978 31 52 92 16 52/03/01 - 84/04/03 33
7001 30 33 92 05 50/04/01 - 68/12/31 19
7161 30 27 89 47 65/11/01 - 69/06/30 05
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TABLE A .l (continued)
RAIN GAUGES IN LOUISIANA
STATION COORDINATES RECORD YEARS OF
NO. LAT LONG PERIOD RECORD
(deg. min.) (year/month/day)
7174 29 39 92 26 47/10/01 - 64/10/31 18
7344 32 54 93 41 49/01/01 - 67/02/28 19
7348 32 55 93 42 47/10/01 - 48/12/31 02
7352 32 54 93 36 67/06/01 - 69/05/31 03
7364 30 18 91 14 47/10/01 - 64/11/30 18
7424 31 36 92 26 55/12/01 - 70/06/27 16
7738 32 25 93 38 66/01/01 - 87/11/30 22
7924 32 21 93 39 47/10/01 - 66/01/31 20
7932 29 44 92 49 64/10/01 - 87/11/30 24
8065 32 32 92 36 47/10/01 - 81/10/31 35
8067 32 31 92 39 48/01/01 - 87/11/27 40
8137 30 43 91 18 66/07/01 - 68/12/30 03
8169 30 51 92 16 67/07/01 - 76/08/31 10
8440 32 28 93 49 47/10/01 - 87/11/27 41
8539 30 15 89 46 74/04/01 - 87/11/28 14
8669 32 56 92 37 65/10/01 - 84/07/31 20
8683 33 00 93 27 69/05/01 - 83/10/31 15
9319 29 47 92 12 50/06/01 - 68/12/30 19
9357 31 35 91 26 52/11/01 - 87/11/27 36
9661 30 55 91 28 47/10/01 - 66/06/29 20
9803 31 56 92 41 56/11/01 - 87/11/27 32
9806 32 06 91 43 56/08/01 - 87/11/27 32
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TABLE A.2
ANNUAL MAXIMUM 24-HOUR RAINFALL (INCHES)
YEAR STA 1 STA 2 STA 3 STA 4 STA 5
1948 10.930 4.300 5.040 9.920
1949 6.420 4.330 3.320 3.910 5.530
1950 2.550 5.580 4.320 3.470 4.070
1951 5.000 2.770 3.280 3.320 5.080
1952 4.550 6.170 3.000 3.750 5.810
1953 7.770 4.220 5.440 4.850 4.850
1954 4.620 5.540 3.670 4.960 5.770
1955 4.680 3.960 4.550 4.650 4.110
1956 7.650 4.390 4.780 2.540 5.860
1957 6.620 2.900 4.110 3.600 4.910
1958 2.770 2.170 2.620 2.990 4.640
1959 4.520 9.750 4.190 3.870 7.330
1960 4.050 3.830 3.710 2.280 3.340
1961 4.270 5.940 7.380 4.510 5.500
1962 3.420 2.750 8.070 6.970 2.740
1963 4.030 2.740 2.170 2.520 7.920
1964 3.880 4.130 10.210 8.380 9.460
1965 6.750 5.380 3.700 3.960 6.260
1966 3.980 4.800 3.650 3.980 5.900
1967 6.900 2.710 8.610 12.080 5.110
1968 2.570 3.460 3.370 2.800 3.930
1969 3.400 3.150 4.390 6.480 3.730
1970 3.400 3.690 3.300 3.690 2.400
1971 5.440 4.900 4.290 4.280 5.500
1972 3.470 3.600 3.070 4.850 3.400
1973 5.590 6.100 5.740 6.310 8.800
1974 3.750 4.100 5.740 3.020 6.300
1975 3.410 4.500 5.300 4.080 8.800
1976 3.290 3.100 4.000 3.610 2.900
1977 4.140 9.100 7.500 5.510 4.900
1978 10.400 3.200 4.300 3.590 5.700
1979 5.600 9.400 7.200 5.700 3.700
1980 7.400 5.020 6.100 7.370 9.800
1981 5.900 3.500 3.400 3.290 4.000
1982 6.900 7.600 8.250 3.000
1983 9.400 9.000 8.020 4.600
1984 3.470 6.800 5.590 4.000
1985 5.000 4.700 3.570 5.700
1986 3.500 4.500 4.200 3.000











































ANNUAL MAXIMUM 24-HOUR RAINFALL (INCHES)
STA 6 STA 7 STA 8 STA 9 STA 10
7.630 6.280 4.760 4.460 3.540
5.070 6.080 5.250 5.630 4.840
6.130 6.070 4.410 6.940 3.950
2.920 4.050 3.750 6.620 2.230
4.580 3.830 3.590 10.390 7.650
9.470 12.210 4.130 5.900 6.020
4.830 5.660 7.830 3.080 2.040
5.550 6.220 7.200 3.010 5.940
5.000 7.270 4.880 6.060 2.990
7.440 5.070 4.020 4.880 6.290
5.510 4.000 2.980 3.370 2.700
5.620 3.490 5.220 4.140 4.870
3.850 2.550 4.960 3.130 3.980
6.970 5.230 8.060 6.840 4.860
3.870 3.940 3.380 4.400 10.740
3.240 2.700 6.260 8.960 3.700
4.120 7.860 8.950 12.710 5.390
4.230 4.650 5.280 3.180 5.610
3.960 8.030 3.700 4.160 5.570
5.890 3.400 5.400 6.650 11.220
4.180 3.100 3.100 3.610 3.540
4.800 4.500 3.800 2.800 5.500
5.100 8.200 3.500 4.650 3.900
8.400 8.700 7.600 11.800 10.500
3.500 3.800 4.000 3.200 3.800
6.700 4.800 6.500 5.600 10.130
4.200 4.400 5.400 4.800 6.200
5.700 4.500 4.700 6.800 3.940
2.700 3.000 6.200 3.700 5.200
7.130 4.500 8.200 6.200 5.700
3.600 3.100 7.600 5.900 8.000
4.700 4.500 7.300 5.800 6.000
6.000 6.000 11.400 3.800 12.800
4.700 3.500 5.400 2.200 4.500
5.700 4.200 4.400 5.200 6.700
7.940 7.500 3.200 10.200 4.820
6.700 8.100 5.100 4.800 5.600
4.100 7.700 4.800 6.200 5.500
7.200 6.300 3.700 4.400 4.900
4.900 5.800 4.200 3.200
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TABLE A.2 (continued)
ANNUAL MAXIMUM 24-HOUR RAINFALL (INCHES)
YEAR STA 11 STA 12 STA 13 STA 14 STA 15
1948 7.650 4.980 6.470 6.700 7.750
1949 4.210 3.830 5.350 6.300 3.200
1950 5.930 3.630 5.190 5.670 6.610
1951 4.750 3.020 5.020 5.880 4.090
1952 7.510 2.780 3.140 4.480 3.490
1953 11.920 8.520 18.020 9.890 11.130
1954 2.940 4.190 4.450 4.190 3.630
1955 6.770 5.420 3.890 4.620 3.910
1956 3.570 3.890 4.630 3.070 2.400
1957 3.020 4.870 5.020 5.350 2.890
1958 4.830 6.220 3.020 3.750 4.350
1959 3.090 2.250 5.810 2.810 2.530
1960 4.640 3.530 3.060 2.790 5.160
1961 4.770 5.110 4.150 4.720 4.550
1962 2.780 3.310 3.353 2.970 3.330
1963 2.000 2.710 2.040 2.500 1.930
1964 4.070 6.440 5.440 4.260 5.130
1965 4.290 4.300 5.160 3.990 2.950
1966 4.300 5.400 6.420 8.230 8.670
1967 4.770 6.900 3.810 6.000 6.930
1968 4.100 4.500 5.210 6.200 10.440
1969 6.400 8.000 4.900 4.600 3.300
1970 5.000 4.900 4.100 2.400 4.300
1971 3.900 5.700 6.300 3.500 2.900
1972 2.600 8.300 3.600 3.100 2.800
1973 4.700 4.500 4.550 4.800 3.100
1974 3.800 3.700 7.100 6.300 9.000
1975 5.300 4.300 5.890 4.100 4.500
1976 3.400 4.500 2.900 2.400 3.300
1977 3.600 5.200 5.500 6.100 3.400
1978 3.700 4.900 3.200 4.200 3.000
1979 4.700 4.100 6.900 6.900 5.300
1980 5.400 6.100 4.700 4.500 3.600
1981 4.400 2.900 2.700 4.000 3.100
1982 3.900 4.000 6.400 6.400 5.400
1983 4.100 5.700 4.300 4.300 6.200
1984 7.400 7.600 7.000 4.500
1985 3.900 4.900 4.000 3.100
1986 4.400 4.500 4.900 3.800












































ANNUAL MAXIMUM 24-HOUR RAINFALL (INCHES)




2.370 2.320 2.700 3.510
3.590 3.260 3.780 3.330
5.540 5.550 5.180 2.830
1.180 3.120 2.180 2.940
3.940 8.110 5.570 5.300 5.760
3.720 2.870 4.620 3.130 3.140
3.510 4.870 4.750 7.170 5.350
4.860 6.060 4.490 8.010 3.880
3.300 4.250 3.010 3.100 2.250
4.410 3.040 3.670 2.400 3.000
4.320 5.150 5.390 5.300 3.620
3.280 2.270 2.290 2.490 2.490
2.540 2.640 4.010 7.790 3.220
3.160 3.800 2.410 4.140 3.850
5.630 3.860 3.530 2.670 3.460
5.320 4.810 2.300 1.960 3.930
5.570 2.780 4.420 2.060 3.090
5.600 5.400 5.140 4.010 5.400
3.350 3.400 5.830 3.060 5.600
3.780 9.800 3.300 3.360 3.900
3.830 6.400 3.100 2.600 3.500
3.080 6.600 4.300 3.100 3.000
3.760 2.700 3.460 3.500 3.500
3.700 3.600 4.080 4.300 3.800
4.550 2.400 2.710 3.700 3.200
2.700 3.200 3.080 3.300 2.600
2.500 3.300 3.150 2.300 2.400
3.900 4.500 5.270 3.200 3.800
3.200 4.600 3.800 4.100 6.000
4.400 7.500 2.100 2.900 2.300
2.700 3.000 5.230 5.000 2.200
4.400 4.700 3.450 2.500 3.200
6.500 4.500 4.340 3.300















































ANNUAL MAXIMUM 24-HOUR RAINFALL (INCHES)
STA 21 STA 22 STA 23 STA 24 STA 2
2.220 3.680 4.400 6.150 6.810
6.390 4.640 4.230 4.750 5.430
4.100 4.520 6.450 3.290 4.170
2.440 3.140 4.480 6.090 4.720
2.290 3.020 3.200 3.250 3.100
5.130 6.700 3.310 5.920 3.250
3.510 2.940 3.630 3.060 3.350
4.680 6.310 6.150 3.240 6.730
3.720 3.850 2.810 5.270 4.650
4.980 4.760 3.750 3.360 5.410
8.160 6.500 5.700 3.970 3.850
8.120 6.130 2.670 2.820 2.860
3.280 1.950 2.100 3.470 2.850
5.530 3.690 3.750 3.540 4.130
2.630 2.750 3.390 2.680 2.480
4.000 2.010 3.700 2.880 2.450
3.400 2.850 3.670 4.630 5.100
3.190 3.270 5.180 5.110 3.290
5.070 2.550 6.810 7.430 4.530
3.680 3.810 2.260 5.020 2.550
3.670 4.520 4.500 3.800 5.000
6.720 2.780 2.900 4.600 4.400
3.830 2.890 2.860 3.000 3.100
2.970 2.710 3.500 3.600 3.500
3.840 3.400 3.200 2.400 5.900
10.930 3.190 2.900 4.000 5.500
3.500 3.900 4.800 4.000 4.300
5.250 5.250 8.500 5.200 4.300
3.500 3.400 4.400 2.900 3.400
2.600 2.400 3.400 3.200 5.100
3.900 4.900 10.100 4.500 3.500
4.400 3.700 3.900 4.500 4.700
2.700 3.100 4.600 3.000 5.300
2.300 1.900 2.100 2.900 1.900
2.800 3.900 5.500 5.300 5.200
4.300 4.100 5.700 5.600 5.800
3.800 4.600 4.300 7.100
2.900 3.000 3.600 3.100




1-HOUR RAINFALL QUANTILES FOR 2-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
Station No. TP-40 LP3/MOM GEV/PWM
1 2.40 1.91 1.94
2 2.30 1.71 1.83
3 2.18 1.79 1.78
4 2.30 1.86 1.83
5 2.48 2.02 1.98
6 2.19 1.77 1.84
7 2.25 1.83 1.82
8 2.42 2.12 2.10
9 2.58 2.03 1.98
10 2.50 2.08 2.02
11 2.28 1.72 1.64
12 2.12 1.92 1.90
13 2.05 1.83 1.86
14 1.99 1.63 1.68
15 2.08 1.62 1.70
16 2.00 1.79 1.68
17 2.08 1.57 1.62
18 1.98 1.55 1.56
19 1.93 1.49 1.47
20 1.94 1.52 1.48
21 1.92 1.46 1.63
22 1.95 1.46 1.38
23 1.93 1.62 1.57
24 1.96 1.54 1.48
25 1.92 1.39 1.59
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TABLE A.4
1-HOUR RAINFALL QUANTILES FOR 10-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
Station No. TP-40 LP3/MOM GEV/PWM
1 3.35 2.74 2.81
2 3.18 2.77 2.66
3 2.97 2.49 2.58
4 3.10 2.62 2.65
5 3.40 2.74 2.87
6 2.98 2.76 2.76
7 3.05 2.66 2.64
8 3.22 3.00 3.04
9 3.41 2.69 2.87
10 3.32 3.01 2.93
11 3.10 2.37 2.52
12 2.95 2.72 2.75
13 2.90 2.79 2.69
14 2.89 2.62 2.58
15 2.96 2.89 2.61
16 2.93 2.35 2.57
17 3.01 2.45 2.36
18 2.92 2.26 2.28
19 2.82 2.07 2.14
20 2.83 2.12 2.16
21 2.78 2.67 2.49
22 2.80 2.05 2.12
23 2.78 2.28 2.42
24 2.80 2.22 2.26
25 2.72 2.39 2.44
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TABLE A.5
1-HOUR RAINFALL QUANTILES FOR 25-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
Station No. TP-40 LP3/MOM GEV/PWM
1 3.75 3.22 3.24
2 3.48 3.51 3.06
3 3.15 2.84 2.97
4 3.40 2.96 3.05
5 3.75 3.06 3.31
6 3.35 3.37 3.08
7 3.42 3.04 3.04
8 3.58 3.41 3.50
9 3.80 2.97 3.31
10 3.70 3.37 3.38
11 3.50 2.68 3.06
12 3.33 3.08 3.16
13 3.29 3.27 3.10
14 3.28 3.31 3.13
15 3.35 3.73 3.17
16 3.32 2.59 3.13
17 3.41 2.91 2.69
18 3.32 2.61 2.60
19 3.25 2.31 2.44
20 3.24 2.34 2.46
21 3.17 3.70 3.03
22 3.19 2.30 2.57
23 3.16 2.63 2.94
24 3.19 2.53 2.75
25 3.10 3.50 2.96
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TABLE A.6
1-HOUR RAINFALL QUANTILES FOR 50-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
Station No. TP-40 LP3/MOM GEV/PWM
1 4.05 3.60 3.55
2 3.85 4.16 3.36
3 3.75 3.10 3.25
4 3.82 3.19 3.35
5 4.05 3.28 3.62
6 3.76 3.84 3.37
7 3.81 3.31 3.33
8 3.95 3.71 3.84
9 4.20 3.17 3.63
10 4.05 3.59 3.70
11 3.88 2.92 3.52
12 3.72 3.33 3.47
13 3.68 3.64 3.40
14 3.65 3.92 3.59
15 3.72 4.46 3.63
16 3.72 2.76 3.59
17 3.79 3.27 2.92
18 3.73 2.87 2.82
19 3.63 2.48 2.65
20 3.64 2.48 2.67
21 3.57 4.73 3.48
22 3.58 2.48 2.95
23 3.53 2.91 3.37
24 3.56 2.76 3.15
25 3.45 4.74 3.40
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TABLE A.7
1-HOUR RAINFALL QUANTILES FOR 100-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
Station No. TP-40 LP3/MOM GEV/PWM
1 4.40 4.01 3.85
2 4.20 4.92 3.64
3 4.00 3.36 3.53
4 4.18 3.41 3.63
5 4.42 3.50 3.93
6 4.02 4.42 3.66
7 4.12 3.56 3.62
8 4.25 3.99 4.17
9 4.50 3.36 3.94
10 4.40 3.80 4.02
11 4.22 3.14 4.01
12 4.00 3.57 3.77
13 3.95 4.01 3.69
14 3.95 4.62 4.10
15 4.00 5.29 4.15
16 4.00 2.92 4.09
17 4.12 3.64 3.13
18 4.00 3.12 3.03
19 3.92 2.64 2.84
20 3.95 2.60 2.87
21 3.88 6.04 3.97
22 3.89 2.64 3.37
23 3.82 3.19 3.85
24 3.84 2.97 3.60
25 3.80 6.49 3.88
152
TABLE A.8
3-HOUR RAINFALL QUANTILES FOR 2-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
Station No. TP-40 LP3/MOM GEV/PWM
1 3.32 2.92 2.93
2 3.22 2.61 2.60
3 3.05 2.78 2.76
4 3.18 2.80 2.79
5 3.34 3.03 2.95
6 3.05 2.77 2.71
7 3.10 2.88 2.84
8 3.25 3.02 3.07
9 3.45 3.03 3.00
10 3.30 3.10 3.14
11 3.05 2.56 2.42
12 2.95 2.71 2.85
13 2.90 2.90 2.83
14 2.82 2.83 2.67
15 2.90 2.49 2.58
16 2.80 2.41 2.28
17 2.82 2.55 2.53
18 2.77 2.33 2.31
19 2.75 2.17 2.19
20 2.75 2.04 2.05
21 2.71 2.21 2.50
22 2.75 2.09 2.10
23 2.75 2.38 2.36
24 2.80 2.25 2.24
25 2.70 2.18 2.30
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TABLE A.9
3-HOUR RAINFALL QUANTILES FOR 10-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
Station No. TP-40 LP3/MOM GEV/PWM
1 4.85 4.47 4.46
2 4.70 3.89 3.96
3 4.35 4.11 4.20
4 4.56 4.18 4.25
5 4.90 4.35 4.50
6 4.40 3.92 4.13
7 4.40 4.36 4.33
8 4.65 4.59 4.68
9 4.80 4.60 4.58
10 4.75 5.10 4.78
11 4.40 3.61 3.80
12 4.25 4.74 4.35
13 4.20 4.21 4.31
14 4.08 4.06 4.19
15 4.20 4.49 4.04
16 4.13 3.11 3.58
17 4.22 4.17 3.93
18 4.10 3.56 3.59
19 3.85 3.40 3.41
20 3.95 3.04 3.19
21 3.90 4.26 3.91
22 3.95 3.29 3.29
23 3.90 3.63 3.71
24 3.95 3.53 3.52
25 3.80 3.70 3.61
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TABLE A. 10
3-HOUR RAINFALL QUANTILES FOR 25-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
Station No. TP-40 LP3/MOM GEV/PWM
1 5.65 5.31 5.29
2 5.40 4.57 4.69
3 4.85 4.81 4.98
4 5.22 4.92 5.04
5 5.70 4.98 5.34
6 4.90 4.48 4.89
7 5.00 5.08 5.14
8 5.45 5.55 5.55
9 5.70 5.39 5.42
10 5.52 6.13 5.66
11 5.12 4.10 4.67
12 4.83 6.02 5.15
13 4.75 4.82 5.11
14 4.70 4.61 5.16
15 4.80 5.77 4.98
16 4.75 3.49 4.41
17 4.82 4.91 4.68
18 4.75 4.20 4.28
19 4.55 4.10 4.06
20 4.58 3.63 3.80
21 4.45 6.09 4.82
22 4.50 4.05 4.04
23 4.43 4.39 4.56
24 4.45 4.31 4.33
25 4.30 4.89 4.44
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TABLE A.11
3-HOUR RAINFALL QUANTILES FOR 50-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
Station No. TP-40 LP3/MOM GEV/PWM
1 6.20 5.97 5.92
2 6.05 5.09 5.26
3 5.58 5.34 5.58
4 5.85 5.49 5.65
5 6.25 5.44 5.98
6 5.58 4.89 5.48
7 5.65 5.61 5.76
8 6.10 6.34 6.22
9 6.40 5.97 6.08
10 6.22 6.92 6.35
11 5.70 4.46 5.42
12 5.40 7.10 5.78
13 5.30 5.26 5.72
14 5.25 5.00 5.99
15 5.42 6.86 5.78
16 5.30 3.79 5.12
17 5.35 5.44 5.26
18 5.25 4.69 4.81
19 5.10 4.67 4.57
20 5.10 4.10 4.27
21 5.00 7.96 5.59
22 5.08 4.70 4.69
23 4.95 5.02 5.29
24 5.00 4.96 5.02
25 4.80 6.01 5.16
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TABLE A. 12
3-HOUR RAINFALL QUANTILES FOR 100-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
Station No. TP-40 LP3/MOM GEV/PWM
1 6.80 6.64 6.58
2 6.52 5.63 5.84
3 6.10 5.88 6.20
4 6.40 6.09 6.27
5 6.85 5.89 6.64
6 6.10 5.30 6.09
7 6.20 6.14 6.39
8 6.60 7.21 6.91
9 7.00 6.55 6.75
10 6.78 7.72 7.05
11 6.25 4.80 6.26
12 5.90 8.30 6.41
13 5.80 5.68 6.36
14 5.75 5.37 6.91
15 5.90 8.06 6.67
16 5.80 4.10 5.90
17 5.92 5.95 5.85
18 5.78 5.19 5.35
19 5.70 5.28 5.08
20 5.70 4.61 4.75
21 5.55 10.38 6.45
22 5.60 5.42 5.42
23 5.50 5.72 6.11
24 5.50 5.67 5.80
25 5.30 7.37 5.95
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TABLE A. 13
6-HOUR RAINFALL QUANTILES FOR 2-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
Station No. TP-40 LP3/MOM GEV/PWM
1 4.02 3.44 3.55
2 3.85 3.12 3.10
3 3.70 3.34 3.34
4 3.78 3.29 3.29
5 4.10 3.58 3.52
6 3.70 3.35 3.27
7 3.72 3.59 3.56
8 3.90 3.58 3.49
9 4.10 3.67 3.68
10 3.95 3.58 3.63
11 3.70 3.05 3.00
12 3.60 3.23 3.37
13 3.50 3.40 3.35
14 3.45 3.50 3.20
15 3.47 3.15 3.24
16 3.40 2.92 2.75
17 3.40 3.03 3.02
18 3.30 2.95 2.84
19 3.25 2.58 2.67
20 3.30 2.48 2.49
21 3.25 2.70 2.95
22 3.35 2.52 2.48
23 3.35 2.83 2.89
24 3.40 2.74 2.85
25 3.25 2.83 2.82
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TABLE A. 14
6-HOUR RAINFALL QUANTILES FOR 10-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
Station No. TP-40 LP3/MOM GEV/PWM
1 6.20 5.84 5.63
2 5.85 4.99 4.92
3 5.50 5.31 5.29
4 5.75 5.21 5.22
5 6.20 5.51 5.58
6 5.50 4.87 5.19
7 5.50 5.64 5.65
8 5.90 5.21 5.54
9 6.10 5.98 5.84
10 6.00 6.17 5.76
11 5.50 4.89 4.88
12 5.25 5.65 5.34
13 5.15 5.15 5.31
14 5.05 4.90 5.20
15 5.25 5.71 5.27
16 5.20 4.04 4.48
17 5.25 5.06 4.78
18 5.10 4.27 4.50
19 4.85 4.43 4.23
20 4.90 3.80 3.95
21 4.78 5.03 4.79
22 4.85 3.97 4.04
23 4.75 4.74 4.69
24 4.80 4.77 4.64
25 4.60 4.57 4.59
159
TABLE A. 15
6-HOUR RAINFALL QUANTILES FOR 25-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
Station No. TP-40 LP3/MOM GEV/PWM
1 7.08 7.37 6.83
2 6.75 6.02 5.97
3 6.25 6.43 6.42
4 6.50 6.31 6.33
5 7.08 6.52 6.77
6 6.10 5.68 6.30
7 6.25 6.77 6.86
8 6.75 6.07 6.73
9 7.10 7.27 7.09
10 6.90 7.62 6.99
11 6.35 5.93 6.05
12 6.00 7.21 6.48
13 5.90 6.11 6.45
14 5.80 5.39 6.45
15 5.95 7.33 6.53
16 5.90 4.59 5.55
17 6.00 6.07 5.77
18 5.85 4.90 5.43
19 5.70 5.60 5.11
20 5.70 4.59 4.77
21 5.50 6.94 5.94
22 5.62 4.81 5.00
23 5.55 6.02 5.81
24 5.70 6.21 5.75
25 5.45 5.64 5.68
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TABLE A. 16
6-HOUR RAINFALL QUANTILES FOR 50-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
Station No. TP-40 LP3/MOM GEV/PWM
1 7.90 8.65 7.80
2 7.50 6.82 6.82
3 6.92 7.33 7.32
4 7.20 7.19 7.23
5 7.95 7.29 7.73
6 6.92 6.32 7.19
7 7.00 7.65 7.83
8 7.50 6.74 7.68
9 8.00 8.29 8.09
10 7.65 8.76 7.98
11 7.10 6.75 7.03
12 6.75 8.56 7.40
13 6.60 6.86 7.36
14 6.50 5.69 7.49
15 6.70 8.69 7.59
16 6.60 5.00 6.45
17 6.80 6.81 6.56
18 6.55 5.35 6.18
19 6.25 6.59 5.81
20 6.25 5.25 5.42
21 6.08 8.78 6.90
22 6.20 5.49 5.81
23 6.07 7.11 6.76
24 6.25 7.49 6.68
25 5.90 6.52 6.61
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TABLE A. 17
6-HOUR RAINFALL QUANTILES FOR 100-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
Station No. TP-40 LP3/MOM GEV/PWM
1 8.95 10.08 8.82
2 8.50 7.66 7.71
3 7.80 8.27 8.30
4 8.15 8.12 8.18
5 9.00 8.08 8.74
6 7.75 6.98 8.13
7 7.80 8.57 8.86
8 8.50 7.43 8.69
9 9.00 9.36 9.16
10 8.60 9.94 9.03
11 7.80 7.61 8.11
12 7.50 10.06 8.37
13 7.25 7.64 8.33
14 7.10 5.95 8.65
15 7.40 10.20 8.76
16 7.30 5.41 7.44
17 7.50 7.55 7.39
18 7.25 5.80 6.95
19 6.92 7.68 6.54
20 6.95 5.95 6.10
21 6.81 11.08 7.96
22 6.90 6.21 6.71
23 6.80 8.36 7.80
24 6.90 8.98 7.71
25 6.55 7.49 7.62
162
TABLE A. 18
12-HOUR RAINFALL QUANTILES FOR 2-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
Station No. TP-40 LP3/MOM GEV/PWM
1 5.00 3.98 4.08
2 4.70 3.59 3.57
3 4.45 3.91 3.96
4 4.60 3.70 3.82
5 4.88 4.25 4.15
6 4.45 4.14 3.95
7 4.42 4.40 4.43
8 4.70 4.34 4.21
9 4.75 4.31 4.36
10 4.60 4.44 4.32
11 4.40 3.66 3.73
12 4.30 4.05 4.12
13 4.25 3.96 3.97
14 4.20 4.09 3.83
15 4.25 3.64 3.91
16 4.10 3.36 3.20
17 4.10 3.47 3.41
18 4.00 3.42 3.30
19 3.85 2.97 3.10
20 3.95 2.91 2.92
21 3.90 3.30 3.47
22 4.00 3.11 3.03
23 3.92 3.50 3.54
24 4.00 3.18 3.43
25 3.82 3.67 3.48
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TABLE A. 19
12-HOUR RAINFALL QUANTILES FOR 10-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
Station No. TP-40 LP3/MOM GEV/PWM
1 7.50 6.93 6.63
2 7.15 5.84 5.81
3 6.48 6.48 6.44
4 6.95 6.48 6.22
5 7.50 6.49 6.74
6 6.45 6.00 6.42
7 6.50 7.36 7.21
8 7.15 6.39 6.85
9 7.50 7.34 7.10
10 7.20 7.30 7.02
11 6.70 6.18 6.04
12 6.30 6.95 6.71
13 6.15 6.40 6.45
14 6.10 6.04 6.21
15 6.25 6.96 6.33
16 6.25 4.66 5.18
17 6.35 5.69 5.43
18 6.20 5.05 5.25
19 5.85 5.17 4.93
20 5.90 4.42 4.64
21 5.75 5.70 5.61
22 5.82 4.80 4.91
23 5.72 5.88 5.74
24 5.70 5.63 5.56
25 5.50 5.36 5.63
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TABLE A.20
12-HOUR RAINFALL QUANTILES FOR 25-YEAR RECURRENCE (INCHES)
OBTAINED THREE METHODS
Station No. TP-40 LP3/MOM GEV/PWM
1 8.95 8.78 8.17
2 8.25 7.16 7.16
3 7.65 8.11 7.93
4 8.00 8.31 7.66
5 8.80 7.73 8.31
6 7.65 6.90 7.91
7 7.70 9.13 8.88
8 8.15 7.52 8.43
9 8.70 9.19 8.74
10 8.35 8.65 8.65
11 7.80 7.76 7.42
12 7.35 8.75 8.26
13 7.10 7.88 7.94
14 7.00 6.81 7.63
15 7.25 9.30 7.78
16 7.20 5.30 6.36
17 7.35 6.73 6.55
18 7.15 5.80 6.34
19 6.90 6.59 5.95
20 6.95 5.36 5.61
21 6.85 7.46 6.90
22 6.90 5.69 6.04
23 6.75 7.32 7.05
24 6.80 7.61 6.83
25 6.50 6.11 6.92
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TABLE A.21
12-HOUR RAINFALL QUANTILES FOR 50-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
)n No. TP-40 LP3/MOM GEV/PWM
1 9.80 10.34 9.43
2 9.30 8.22 8.27
3 8.50 9.49 9.15
4 9.00 9.89 8.85
5 9.90 8.69 9.59
6 8.70 7.55 9.13
7 8.75 10.59 10.26
8 9.40 8.42 9.74
9 10.00 10.71 10.09
10 9.65 9.61 9.99
11 8.80 9.09 8.56
12 8.40 10.26 9.54
13 8.10 9.10 9.17
14 8.00 7.32 8.80
15 8.25 11.39 8.97
16 8.15 5.78 7.34
17 8.25 7.48 7.44
18 8.10 6.35 7.20
19 7.70 7.81 6.76
20 7.80 6.13 6.37
21 7.55 9.06 7.96
22 7.75 6.37 6.96
23 7.60 8.51 8.13
24 7.70 9.50 7.87
25 7.15 6.63 7.98
166
TABLE A.22
12-HOUR RAINFALL QUANTILES FOR 100-YEAR RECURRENCE (INCHES)
OBTAINED BY THREE METHODS
)n No. TP-40 LP3/MOM GEV/PWM
1 10.80 12.05 10.81
2 10.45 9.35 9.47
3 9.55 11.01 10.49
4 10.10 11.66 10.13
5 11.00 9.70 10.99
6 9.60 8.20 10.46
7 9.75 12.16 11.75
8 10.45 9.36 11.16
9 11.00 12.37 11.56
10 10.75 10.55 11.44
11 9.75 10.55 9.79
12 9.25 11.91 10.93
13 9.00 10.42 10.51
14 8.90 7.77 10.07
15 9.00 13.82 10.26
16 9.00 6.26 8.39
17 9.20 8.20 8.38
18 9.00 6.87 8.10
19 8.50 9.17 7.61
20 8.60 6.98 7.81
21 8.30 10.94 9.10
22 8.40 7.06 7.96
23 8.25 9.80 9.30
24 8.40 11.83 9.01
25 8.10 7.13 9.12
TABLE A.23
24-HOUR RAINFALL QUANTILES FOR 2-YEAR RETURN PERIOD (INCHES)
Station No. TP-40 New LA Mans LP3 GEV
1 5.75 4.75 4.59 4.66
2 5.25 4.70 4.07 4.16
3 5.00 4.50 4.54 4.55
4 5.25 4.70 4.32 4.43
5 5.50 4.90 4.86 4.80
6 5.10 4.60 5.14 4.88
7 5.00 4.70 4.95 4.90
8 5.40 4.82 4.92 4.88
9 5.70 5.10 4.96 5.06
10 5.50 4.90 5.09 5.13
11 4.95 4.50 4.26 4.26
12 4.90 4.50 4.64 4.60
13 4.80 4.40 4.46 4.65
14 4.80 4.30 4.51 4.36
15 4.80 4.25 4.04 4.35
16 4.75 4.00 3.85 3.64
17 4.75 3.80 3.98 3.91
18 4.60 3.65 3.81 3.70
19 4.50 3.30 3.29 3.43
20 4.65 3.65 3.37 3.30
21 4.60 3.60 3.75 3.90
22 4.70 3.80 3.57 4.47
23 4.65 3.90 3.88 3.95
24 4.70 4.20 3.76 3.98
25 4.50 3.80 4.18 3.91
TABLE A.24
24-HOUR RAINFALL QUANTILES FOR 10-YEAR RETURN PERIOD (INCHES)
Station No. TP-40 New LA Maps LP3 GEV
1 9.00 7.70 7.83 7.68
2 8.50 7.60 6.92 6.86
3 7.90 7.40 7.58 7.49
4 8.35 7.60 7.46 7.30
5 9.00 8.00 7.93 7.91
6 7.75 7.50 7.46 8.04
7 7.80 7.75 8.08 8.07
8 8.45 8.00 7.81 8.05
9 8,80 8.50 8.73 8.33
10 8.60 8.20 8.86 8.44
11 7.85 7.40 6.82 6.88
12 7.50 7.50 7.47 7.58
13 7.20 7.20 7.71 7.66
14 7.20 7.00 7.05 7.05
15 7.50 7.00 7.72 7.03
16 7.30 6.40 5.34 5.89
17 7.40 6.35 6.55 6.26
18 7.10 5.90 5.75 5.93
19 6.90 5.60 5.67 5.49
20 7.00 5.80 5.04 5.28
21 6.80 5.80 6.58 6.31
22 6.90 6.20 5.51 5.61
23 6.90 6.25 6.58 6.38
24 6.90 6.50 6.37 6.43
25 6.70 6.00 6.00 6.32
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TABLE A.25
24-HOUR RAINFALL QUANTILES FOR 25-YEAR RETURN PERIOD (INCHES)
Station No. TP-40 New LA Maps LP3 GEV
1 10.40 9.80 9.80 9.45
2 10.10 9.60 8.75 8.44
3 9.00 9.10 9.35 9.22
4 9.70 9.60 9.46 8.98
5 10.60 10.20 9.61 9.74
6 9.00 9.20 8.54 9.89
7 9.10 9.50 9.80 9.93
8 10.10 10.10 9.50 9.90
9 10.40 10.60 10.99 10.25
10 10.25 10.70 10.97 10.39
11 9.30 9.00 8.73 8.46
12 8.80 9.10 9.06 9.32
13 8.50 8.75 9.98 9.43
14 8.40 8.50 8.29 8.67
15 8.75 8.40 10.36 8.64
16 8.60 7.90 6.06 7.24
17 8.70 7.80 7.76 7.60
18 8.40 7.00 6.72 7.19
19 8.00 6.60 7.26 6.67
20 8.15 6.90 5.93 6.41
21 7.90 6.90 8.50 7.75
22 7.90 7.50 6.53 6.90
23 8.00 7.70 8.24 7.84
24 8.00 8.10 8.41 7.90
25 7.70 7.25 6.73 7.77
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TABLE A.26
24-HOUR RAINFALL QUANTILES FOR 50-YEAR RETURN PERIOD (INCHES)
Station No. TP-40 New LA Maps LP3 GEV
1 11.50 11.50 11.44 10.88
2 11.00 11.40 10.31 9.72
3 10.00 10.95 10.78 10.62
4 10.70 11.30 11.15 10.34
5 11.90 11.90 10.92 11.22
6 9.90 11.05 9.30 11.39
7 10.00 11.20 11.14 11.44
8 11.10 11.75 10.87 11.40
9 12.00 12.25 12.85 11.81
10 11.25 12.00 12.64 11.97
11 10.20 10.45 9.63 9.75
12 9.60 10.90 10.32 10.74
13 9.25 10.50 11.98 10.86
14 9.20 10.05 9.20 10.00
15 9.65 9.80 12.75 9.96
16 9.50 8.90 6.58 8.35
17 9.80 8.90 8.62 8.66
18 9.30 8.10 7.43 8.20
19 8.80 7.70 8.64 7.60
20 8.90 8.00 6.61 7.31
21 8.70 8.00 10.19 8.94
22 8.80 8.80 7.30 7.95
23 8.80 8.90 9.62 9.04
24 8.75 9.50 10.33 9.11
25 8.50 8.50 7.22 8.96
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TABLE A.27
24-HOUR RAINFALL QUANTILES FOR 100-YEAR RETURN PERIOD (INCHES)
Station No. TP-40 New LA Maps LP3 GEV
1 13.00 13.40 13.21 12.42
2 12.30 13.10 12.05 11.10
3 11.30 12.40 12.30 12.12
4 12.20 13.05 13.03 11.80
5 13.30 ' 13.90 12.28 12.80
6 11.20 12.50 10.05 13.00
7 11.40 12.40 12.53 13.05
8 12.50 13.50 12.34 13.01
9 13.30 14.00 14.85 13.48
10 12.70 13.50 14.39 13.66
11 11.50 11.70 11.00 11.16
12 10.85 11.80 11.64 12.25
13 10.50 11.60 14.29 12.39
14 10.40 11.10 10.10 11.43
15 10.80 11.00 15.55 11.39
16 10.60 10.25 7.10 9.55
17 10.90 10.10 9.45 9.78
18 10.50 9.50 8.15 9.26
19 10.00 8.90 10.20 8.58
20 10.10 9.50 7.31 8.25
21 9.80 9.50 12.11 10.22
22 9.90 10.15 8.09 9.10
23 9.80 10.30 11.13 10.34
24 9.90 10.85 12.65 10.43
25 9.60 10.10 7.66 10.25
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TABLE A.28
ANNUAL MAXIMUM 1-HOUR RAINFALL QUANTILES (INCHES)















2 1.71 2.28 2.77 3.51 4.16 4.92
3 1.79 2.21 2.49 2.84 3.10 3.36
4 1.86 2.34 2.62 2.96 3.19 3.41
5 2.02 2.47 2.74 3.06 3.28 3.50
6 1.77 2.33 2.76 3.37 3.87 4.42
7 1.83 2.35 2.66 3.04 3.31 3.56
8 2.12 2.66 3.00 3.41 3.71 3.99
9 2.03 2.44 2.69 2.97 3.17 3.36
10 2.08 2.68 3.01 3.37 3.59 3.80
11 1.72 2.12 2.37 2.68 2.92 3.14
12 1.92 2.42 2.72 3.08 3.33 3.57
13 1.83 2.41 2.79 3.27 3.64 4.01
14 1.63 2.17 2.62 3.31 3.92 4.62
15 1.62 2.32 2.89 3.73 4.46 5.29
16 1.79 2.14 2.35 2.59 2.76 2.92
17 1.57 2.09 2.45 2.91 3.27 3.64
18 1.55 1.98 2.26 2.61 2.87 3.12
19 1.49 1.85 2.07 2.31 2.48 2.64
20 1.52 1.91 2.12 2.34 2.48 2.60
21 1.46 2.07 2.67 3.70 4.73 6.04
22 1.46 1.83 2.05 2.30 2.48 2.64
23 1.62 2.01 2.28 2.63 2.91 3.19
24 1.54 1.96 2.22 2.53 2.76 2.97
25 1.39 1.84 2.39 3.50 4.74 6.49
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TABLE A.29
ANNUAL MAXIMUM 3-HOUR RAINFALL QUANTILES (INCHES)
STATION RETURN PERIODS (YEAR)
UMBER 2 5 10 25 50 100
1 2.92 3.83 4.47 5.31 5.97 6.64
2 2.61 3.37 3.89 4.57 5.09 5.63
3 2.78 3.57 4.11 4.81 5.34 5.88
4 2.80 3.61 4.18 4.92 5.49 6.09
5 3.03 3.84 4.35 4.98 5.44 5.89
6 2.77 3.47 3.92 4.48 4.89 5.30
7 2.88 3.78 4.36 5.08 5.61 6.14
8 3.02 3.91 4.59 5.55 6.34 7.21
9 3.03 3.98 4.60 5.39 5.97 6.55
10 3.10 4.29 5.10 6.13 6.92 7.72
11 2.56 3.21 3.61 4.10 4.46 4.80
12 2.71 3.85 4.74 6.02 7.10 8.30
13 2.90 3.71 4.21 4.82 5.26 5.68
14 2.83 3.60 4.06 4.61 5.00 5.37
15 2.49 3.61 4.49 5.77 6.86 8.06
16 2.41 2.82 3.11 3.49 3.79 4.10
17 2.55 3.54 4.17 4.91 5.44 5.95
18 2.33 3.06 3.56 4.20 4.69 5.19
19 2.17 2.88 3.40 4.10 4.67 5.28
20 2.04 2.62 3.04 3.63 4.10 4.61
21 2.21 3.23 4.26 6.09 7.96 10.38
22 2.09 2.76 3.29 4.05 4.70 5.42
23 2.38 3.09 3.63 4.39 5.02 5.72
24 2.25 2.97 3.53 4.31 4.96 5.67
25 2.18 2.97 3.70 4.89 6.01 7.37
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TABLE A.30
ANNUAL MAXIMUM 6-HOUR RAINFALL QUANTILES (INCHES)
STATION RETURN PERIODS (YEAR)
JMBER 2 5 10 25 50 100
1 3.44 4.79 5.84 7.37 8.65 10.08
2 3.12 4.22 4.99 6.02 6.82 7.66
3 3.34 4.49 5.31 6.43 7.33 8.27
4 3.29 4.41 5.21 6.31 7.19 8.12
5 3.58 4.73 5.51 6.52 7.29 8.08
6 3.35 4.24 4.87 5.68 6.32 6.98
7 3.59 4.79 5.64 6.77 7.65 8.57
8 3.58 4.55 5.21 6.07 6.74 7.43
9 3.67 5.02 5.98 7.27 8.29 9.36
10 3.58 5.09 6.17 7.62 8.76 9.94
11 3.05 4.13 4.89 5.93 6.75 7.61
12 3.23 4.58 5.65 7.21 8.56 10.06
13 3.40 4.43 5.15 6.11 6.86 7.46
14 3.50 4.43 4.90 5.39 5.69 5.95
15 3.15 4.59 5.71 7.33 8.69 10.20
16 2.92 3.60 4.04 4.59 5.00 5.41
17 3.03 4.26 5.06 6.07 6.81 7.55
18 2.95 3.76 4.27 4.90 5.35 5.80
19 2.58 3.62 4.43 5.60 6.59 7.68
20 2.48 3.24 3.80 4.59 5.25 5.95
21 2.70 3.91 5.03 6.94 8.78 11.08
22 2.52 3.36 3.97 4.81 5.49 6.21
23 2.83 3.89 4.74 6.02 7.11 8.36
24 2.74 3.84 4.77 6.21 7.49 8.98
25 2.83 3.81 4.57 5.64 6.52 7.49
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TABLE A.31
ANNUAL MAXIMUM 12-HOUR RAINFALL QUANTILES (INCHES)
STATION RETURN PERIODS (YEAR)
JMBER 2 5 10 25 50 100
1 3.98 5.65 6.93 8.78 10.34 12.05
2 3.59 4.89 5.84 7.16 8.22 9.35
3 3.91 5.35 6.48 8.11 9.49 11.01
4 3.70 5.24 6.48 8.31 9.89 11.66
5 4.25 5.57 6.49 7.73 8.69 9.70
6 4.14 5.28 6.00 6.90 7.55 8.20
7 4.40 6.09 7.36 9.13 10.59 12.16
8 4.34 5.54 6.39 7.52 8.42 9.36
9 4.31 6.04 7.34 9.19 10.71 12.37
10 4.44 6.19 7.30 8.65 9.61 10.55
11 3.66 5.08 6.18 7.76 9.09 10.55
12 4.05 5.69 6.95 8.75 10.26 11.91
13 3.96 5.35 6.40 7.88 9.10 10.42
14 4.09 5.34 6.04 6.81 7.32 7.77
15 3.64 5.45 6.96 9.30 11.39 13.82
16 3.36 4.15 4.66 5.30 5.78 6.26
17 3.47 4.83 5.69 6.73 7.48 8.20
18 3.42 4.42 5.05 5.80 6.35 6.87
19 2.97 4.20 5.17 6.59 7.81 9.17
20 2.91 3.77 4.42 5.36 6.13 6.98
21 3.30 4.59 5.70 7.46 9.06 10.94
22 3.11 4.12 4.80 5.69 6.37 7.06
23 3.50 4.85 5.88 7.32 8.51 9.80
24 3.18 4.45 5.63 7.61 9.50 11.83
25 3.67 4.73 5.36 6.11 6.63 7.13
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TABLE A.32
ANNUAL MAXIMUM 24-HOUR RAINFALL QUANTILES (INCHES)
STATION RETURN PERIODS (YEAR)
NUMBER 2 5 10 25 50 100
1 4.59 6.44 7.83 9.80 11.44 13.21
2 4.07 5.66 6.92 8.75 10.31 12.05
3 4.54 6.29 7.58 9.35 10.78 12.30
4 4.32 6.09 7.46 9.46 11.15 13.03
5 4.86 6.66 7.93 9.61 10.92 12.28
6 5.14 6.57 7.46 8.54 9.30 10.05
7 4.95 6.79 8.08 9.80 11.14 12.53
8 4.92 6.59 7.81 9.50 10.87 12.34
9 4.96 7.11 8.73 10.99 12.85 14.85
10 5.01 7.28 8.86 10.97 12.64 14.39
11 4.26 5.72 6.82 8.37 9.63 11.00
12 4.64 6.29 7.47 9.06 10.32 11.64
13 4.46 6.24 7.71 9.98 11.98 14.29
14 4.51 6.05 7.05 8.29 9.20 10.10
15 4.04 6.03 7.72 10.36 12.75 15.55
16 3.85 4.76 5.34 6.06 6.58 7.10
17 3.98 5.56 6.55 7.76 8.62 9.45
18 3.81 4.99 5.75 6.72 7.43 8.15
19 3.29 4.60 5.67 7.26 8.64 10.20
20 3.37 4.37 5.04 5.93 6.61 7.31
21 3.75 5.30 6.58 8.50 10.19 12.11
22 3.57 4.73 5.51 6.53 7.30 8.09
23 3.88 5.42 6.58 8.24 9.62 11.13
24 3.76 5.12 6.37 8.41 10.33 12.65
25 4.18 5.34 6.00 6.73 7.22 7.66
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TABLE A.33
ANNUAL MAXIMUM 36-HOUR RAINFALL QUANTILES (INCHES)
STATION RETURN PERIODS (YEAR)
NUMBER 2 5 10 25 50 100
1 5.08 6.95 8.27 10.05 11.45 12.92
2 4.25 6.06 7.70 10.35 12.84 15.85
3 4.91 6.82 8.27 10.33 12.04 13.90
4 4.60 6.47 8.01 10.35 12.40 14.76
5 5.33 7.36 8.74 10.50 11.84 13.19
6 5.59 7.31 8.37 9.64 10.53 11.39
7 5.33 7.32 8.66 10.40 11.73 13.08
8 5.39 7.29 8.65 10.49 11.95 13.49
9 5.51 7.87 9.67 12.23 14.36 16.69
10 5.64 8.05 9.72 11.90 13.56 15.27
11 4.74 6.28 7.34 8.74 9.82 10.94
12 4.99 6.74 7.94 9.51 10.72 11.96
13 4.77 6.62 8.17 10.55 12.67 15.12
14 4.87 6.57 7.65 8.97 9.92 10.84
15 4.46 6.60 8.32 10.89 13.11 15.62
16 4.12 5.30 6.14 7.26 8.15 9.08
17 4.38 5.97 6.89 7.90 8.57 9.17
18 4.05 5.27 6.10 7.16 7.97 8.78
19 3.53 4.96 6.06 7.64 8.97 10.43
20 3.65 4.81 5.61 6.65 7.46 8.29
21 4.04 5.76 7.18 9.33 11.22 13.39
22 3.87 5.06 5.84 6.81 7.54 8.25
23 4.16 5.68 6.78 8.27 9.45 10.70
24 4.09 5.62 6.91 8.90 10.67 12.73
25 4.49 5.72 6.39 7.10 7.56 7.96
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TABLE A.34
ANNUAL MAXIMUM 48-HOUR RAINFALL QUANTILES (INCHES)
STATION RETURN PERIODS (YEAR)
NUMBER 2 5 10 25 50 100
1 5.46 7.34 8.58 10.15 11.31 12.47
2 4.48 6.43 8.18 11.01 13.66 16.85
3 5.02 6.93 8.42 10.56 12.37 14.37
4 4.78 6.63 8.16 10.46 12.48 14.79
5 5.52 7.60 8.95 10.63 11.87 13.09
6 5.75 7.51 8.60 9.91 10.83 11.73
7 5.78 7.84 9.12 10.65 11.74 12.78
8 5.56 7.52 8.97 10.98 12.62 14.39
9 5.80 8.37 10.31 13.07 15.36 17.84
10 5.86 8.36 10.07 12.30 14.00 15.74
11 4.98 6.56 7.63 9.02 10.07 11.15
12 5.27 7.11 8.45 10.27 11.73 13.28
13 4.96 6.91 8.49 10.89 12.98 15.36
14 5.04 6.88 8.05 9.50 10.55 11.57
15 4.79 7.00 8.70 11.12 13.15 15.37
16 4.42 5.65 6.49 7.57 8.40 9.25
17 4.68 6.26 7.08 7.92 8.43 8.87
18 4.30 5.52 6.31 7.29 8.02 8.75
19 3.78 5.26 6.36 7.87 9.10 10.42
20 3.86 5.03 5.81 6.83 7.59 8.38
21 4.32 6.12 7.52 9.56 11.28 13.19
22 4.13 5.42 6.25 7.28 8.03 8.77
23 4.36 5.87 6.92 8.30 9.38 10.49
24 4.35 6.04 7.39 9.37 11.06 12.97
25 4.80 6.23 7.05 7.94 8.54 9.08
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TABLE A.35
ANNUAL MAXIMUM 60-HOUR RAINFALL QUANTILES (INCHES)
STATION RETURN PERIODS (YEAR)
NUMBER 2 5 10 25 50 100
1 5.74 7.65 8.88 10.39 11.50 12.59
2 4.73 6.74 8.48 11.24 13.76 16.74
3 5.14 7.15 8.72 10.98 12.89 15.00
4 4.99 6.86 8.34 10.51 12.37 14.45
5 5.70 7.86 9.24 10.92 12.13 13.32
6 5.92 7.69 8.81 10.17 11.16 12.13
7 6.14 8.40 9.77 11.36 12.47 13.51
8 5.83 7.79 9.21 11.14 12.70 14.35
9 6.11 8.75 10.72 13.47 15.71 18.12
10 6.03 8.63 10.44 12.83 14.69 16.60
11 5.15 6.93 8.24 10.05 11.51 13.08
12 5.59 7.42 8.69 10.33 11.60 12.90
13 5.23 7.34 9.04 11.60 13.82 16.34
14 5.36 7.28 8.45 9.80 10.74 11.62
15 4.92 7.09 8.87 11.56 13.92 16.62
16 4.55 5.89 6.79 7.96 8.85 9.75
17 4.94 6.42 7.11 7.74 8.08 . 8.34
18 4.45 5.67 6.43 7.34 8.01 8.65
19 3.99 5.62 6.81 8.43 9.72 11.10
20 4.06 5.24 6.06 7.15 7.99 8.87
21 4.55 6.32 7.74 9.85 11.66 13.71
22 4.36 5.70 6.56 7.63 8.42 9.21
23 4.59 6.11 7.10 8.34 9.24 10.14
24 4.47 6.30 7.77 9.97 11.88 14.04
25 4.98 6.49 7.36 8.33 8.98 9.57
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TABLE A.36
ANNUAL MAXIMUM 72-HOUR RAINFALL QUANTILES (INCHES)
STATION RETURN PERIODS (YEAR)
NUMBER 2 5 10 25 50 100
1 5.96 7.94 9.23 10.82 11.98 13.14
2 4.89 6.92 8.65 11.33 13.76 16.59
3 5.33 7.38 8.96 11.22 13.12 15.20
4 5.13 7.00 8.46 10.56 12.34 14.30
5 5.91 8.08 9.41 10.99 12.09 13.13
6 6.02 7.75 8.89 10.31 11.38 12.45
7 6.33 8.62 9.99 11.56 12.64 13.65
8 6.00 7.96 9.36 11.24 12.72 14.28
9 6.34 9.12 11.25 14.25 16.74 19.46
10 6.26 8.96 10.78 13.13 14.89 16.68
11 5.42 7.29 8.63 10.43 11.86 13.36
12 5.70 7.59 8.93 10.74 12.17 13.67
13 5.52 7.68 9.40 11.96 14.15 16.62
14 5.55 7.67 9.03 10.69 11.90 13.08
15 5.19 7.45 9.23 11.84 14.05 16.52
16 4.78 6.25 7.25 8.57 9.59 10.64
17 5.33 6.62 7.09 7.44 7.60 7.70
18 4.65 5.88 6.62 7.49 8.09 8.76
19 4.28 5.87 6.98 8.46 9.61 10.80
20 4.36 5.54 6.30 7.25 7.95 8.64
21 4.77 6.61 8.03 10.08 11.79 13.68
22 4.54 5.96 6.87 7.98 8.79 9.59
23 4.72 6.22 7.27 8.65 9.73 10.84
24 4.60 6.48 7.97 10.17 12.05 14.16
25 5.17 6.75 7.72 8.88 9.70 10.49
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TABLE A.37
ANNUAL MAXIMUM 84-HOUR RAINFALL QUANTILES (INCHES)
STATION RETURN PERIODS (YEAR)
NUMBER 2 5 10 25 50 100
1 6.10 8.10 9.44 11.15 12.44 13.75
2 5.17 7.30 9.03 11.63 13.90 16.48
3 5.53 7.62 9.19 11.38 13.18 15.13
4 5.27 7.16 8.59 10.62 12.30 14.13
5 ’ 6.10 8.29 9.60 11.11 12.14 13.10
6 6.10 7.88 9.08 10.62 11.79 12.99
7 6.50 8.78 10.13 11.68 12.74 13.72
8 6.30 8.28 9.61 11.32 12.61 13.93
9 6.65 9.49 11.56 14.38 16.64 19.03
10 6.36 9.12 11.03 13.50 15.39 17.32
11 5.61 7.44 8.78 10.62 12.10 13.69
12 5.83 7.80 9.29 11.40 13.13 15.01
13 5.69 7.89 9.62 12.11 14.22 16.56
14 5.68 7.96 9.48 11.41 12.85 14.30
15 5.39 7.62 9.35 11.84 13.93 16.24
16 5.04 6.42 7.32 8.47 9.32 10.18
17 5.63 6.79 7.14 7.35 7.43 7.47
18 4.84 6.09 6.84 7.73 8.35 8.94
19 4.49 6.09 7.17 8.58 9.66 10.76
20 4.55 5.82 6.64 7.65 8.40 9.14
21 4.99 6.84 8.24 10.21 11.83 13.59
22 4.65 6.07 6.97 8.08 8.87 9.66
23 5.00 6.47 7.44 8.67 9.59 10.51
24 4.95 6.91 8.36 10.37 12.00 13.74
25 5.52 7.08 7.95 8.91 9.55 10.12
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TABLE A.38
ANNUAL MAXIMUM 96-HOUR RAINFALL QUANTILES (INCHES)
STATION RETURN PERIODS (YEAR)
NUMBER 2 5 10 25 50 100
1 6.14 8.24 9.73 11.74 13.33 15.00
2 5.46 7.69 9.47 12.10 14.35 16.88
3 5.76 7.85 9.35 11.38 12.99 14.70
4 5.46 7.37 8.77 10.71 12.28 13.96
5 6.20 8.52 9.96 11.69 12.92 14.09
6 6.26 8.21 9.56 11.34 12.71 14.13
7 6.64 8.99 10.46 12.24 13.52 14.75
8 6.51 8.55 9.90 11.60 12.88 14.15
9 6.77 9.69 11.88 14.97 17.52 20.27
10 6.63 9.48 11.38 13.79 15.58 17.38
11 5.83 7.79 9.22 11.20 12.79 14.50
12 6.11 8.13 9.63 11.72 13.42 15.24
13 5.92 8.28 10.06 12.58 14.66 16.92
14 5.77 8.06 9.60 11.57 13.05 14.55
15 5.51 7.75 9.45 11.86 13.86 16.05
16 5.27 6.68 7.55 8.61 9.37 10.10
17 5.76 6.97 7.33 7.55 7.62 7.66
18 4.93 6.19 6.94 7.82 8.44 9.03
19 4.61 6.24 7.38 8.88 10.05 11.26
20 4.66 5.93 6.76 7.80 8.57 9.34
21 5.08 6.92 8.30 10.23 11.80 13.50
22 4.78 6.18 7.03 8.02 8.72 9.39
23 5.14 6.61 7.56 8.74 9.61 10.47
24 5.18 7.27 8.82 10.98 12.73 14.61
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Figure A .4  24-Hour Rainfall Map for 25-Year Return Interval
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Figure A .5 24-Hour Rainfall Map for 50-Year Return Interval






Figure A .6 24-Hour Rainfall Map for 100-Year Return Interval
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